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Astrobiology: An Evolutionary Approach provides a full course in astrobiology 
with an emphasis on abiogenesis and evolution. The book presents astrobiology 
both as a developing science and as the science of the future.

The origins of life and the possibility of life elsewhere continues to be a subject of 
scientific and philosophical examination. These topics evolve with time as our un-
derstanding of life itself and the laws of chemical and biological evolution evolve. 
Astrobiology: An Evolutionary Approach aims both to provide a foundation in 
astrobiology and to describe the most challenging questions and problems in the 
field.

The book begins with an overview of astrobiology, the origin of elements, and 
the formation of the solar system, planets, and exoplanets. Other topics covered 
include prebiotic synthesis of biochemical compounds, transition from abiotic 
to biotic, microorganisms in space, the roles of silicon in life, encapsulation of 
organic materials in protocells, cold and dry limits of life, virolution, and more.

The contributors explore different aspects of astrobiology, reflecting the exciting 
journeys of their own research. This book will inspire students to explore the end-
less possibilities in astrobiology. The book includes end-of-chapter questions, 
a glossary of terms, and recommended references, making it ideal for use as a 
classroom text.
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Preface

This book, astrobiology: an evolutionary approach, provides a slice through time, 
an angle by which we may look at the past and imagine the future of this  exciting field. 

The contributors tell the stories of different aspects of astrobiology, reflecting the exciting 
journeys of their own research. Some authors are established scientists; some are at the 
beginning of their careers. Yet all of them breathe the urgency of this field, the excitement 
and drive to formulate and begin to answer the big questions. As the field evolves more 
rapidly than ever, the boundaries between the past, the present, and the future are blurred.

We hope to inspire students at all levels to learn about and explore the endless possibili-
ties in astrobiology.

Vera M. Kolb
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Introduction

This book is an astrobiology textbook for fourth-year students in sciences, begin-
ning graduate students, and astrobiologists in general at any level. It has 21 chap-

ters authored by 37 contributors from 9 different countries. The contributors have a broad 
range of specialties within the interdisciplinary field of astrobiology. These specialties are 
in astrobiology education, astronomy, biological sciences, chemistry (analytical chemis-
try, biochemistry, biogeochemistry, cosmochemistry, organic chemistry, silicon chemistry, 
phosphorus chemistry), desert research, earth sciences, environmental sciences, fossils, 
fundamental concepts of science, geology, life sciences, meteorites, microbiology, micros-
copy, molecular biology, philosophy, physics, space sciences, and virology among others.

The title of the book, Astrobiology: An Evolutionary Approach, reflects the strong evolu-
tionary component in astrobiology. Evolution of matter, stars, chemical evolution, prebiotic 
evolution, and biotic evolution at all levels are all critical parts of astrobiology. The origins 
of life and the possibility of life elsewhere are also a subject of philosophical examination. 
These also evolve with time as our understanding of life itself and the laws of chemical and 
biological evolution evolve.

Astrobiology is not a mature science. While there are defined laws and satisfying expla-
nations for many aspects, there is still a lot of ground to be covered. Astrobiology is a new 
field where the future lies. It is our hope that students will be inspired by this book to 
explore and advance many different fields of astrobiology in the future.

The chapters typically have a glossary of terms, review questions, and recommended 
references. Some chapters have primers either as separate units or incorporated into the 
text. This was done as needed for select topics. We hope that students and other readers 
will find these useful.

Chapter 1 by Aaron David Goldman provides an overview of astrobiology. It provides 
a good background for the further reading of the book. The chapter is pedagogically 
well-suited to be the introductory chapter.

In Chapter 2, Ken Rice covers origins of elements and the formation of the solar system, 
planets, and exoplanets. The chapter explains difficult concepts in a clear and engaging 
manner. 

Chapter 3 by Timothy F. Slater addresses astrobiology education and public outreach. It 
reflects significant research in this area and provides guidance to astrobiologists on ways 
to successfully share their enthusiasm and knowledge with students and the general public. 



xxii   ◾   Introduction

In Chapter 4, Philippe Schmitt-Kopplin and coworkers update us on the analysis of 
organics on the Murchison meteorite. The importance of knowing which chemicals are 
found on meteorites cannot be overstated. Meteorites bring chemicals to Earth from the 
extraterrestrial media. These chemicals might have been involved in the original prebiotic 
chemistry and the evolution of life on Earth and elsewhere.

In Chapter 5, Jim Cleaves provides a critical analysis of the prebiotic syntheses of bio-
chemical precursors. The chapter clearly describes important prebiotic reactions on Earth 
in an environmental context, such as atmospheric syntheses and syntheses in hydrother-
mal vents. It covers the synthesis of organic compounds by classes, such as lipids, amino 
acids, nucleic acids, etc. It also addresses chemicals on meteorites and much more.

In Chapter 6, Gene D. McDonald covers biochemical pathways as models for prebiotic 
syntheses. No reader will get lost in this exciting journey, since an excellent primer is offered 
first. Among many critically important topics that are covered, we select here LUCA, last 
universal common ancestor, and the minimum requirement for a metabolic system.

Much has been said and discussed about silicon-based life. Is it possible? The answer 
comes from Joseph B. Lambert and Senthil Andavan Gurusamy-Thangavelu in Chapter 7, 
which discusses the role of silicon in life on Earth and elsewhere. The focus is on the poten-
tial of silicon to make chemical bonds and its capacity to produce chemical diversity as 
compared to carbon.

Chapter 8 by David Wacey covers the fossil records of early life on Earth and describes 
the latest developments in the field. It does help that the author is from Australia, which 
has wonderful sites full of such early fossils.

Chapter 9 by Vera M. Kolb (the editor) provides insights in the prebiotic organic reac-
tions in water, which occur even when organic materials do not dissolve in water. She also 
covers prebiotic organic chemistry in the solid state, which is applicable to the chemistry 
on asteroids, for example.

Chapter 10 by Christine D. Keating and coworkers addresses the new and exciting work on 
the encapsulation of organic materials in protocells. Various aspects of early compartmental-
ization are considered, both from a theoretical and practical point of view. Vesicles, micelles, 
membranes, coacervates, and other systems are examples. This chapter has a built-in primer.

Matthew Pasek addresses the role of phosphorus in prebiotic chemistry in Chapter 11. 
Phosphorus is critical for life, but its availability in the proper chemical form for incorpo-
ration into biotic chemical systems is still a puzzle. Pasek updates us on the latest discover-
ies in this important field. 

The cold and dry limits of life are covered by Christopher P. McKay and coworkers in 
Chapter 12. It is a wonder how life survives and thrives under the harsh conditions found 
on Earth. Studies by McKay and coworkers open the door for the evaluation of the pos-
sibility of life on Mars and other extraterrestrial harsh environments. The chapter also 
outlines the questions that need to be addressed in the future.

Gerda Horneck and Ralf Moeller address microorganisms in space in Chapter 13. Some 
microorganisms survive in space, which has important implications for transport of life 
through space. In this comprehensive chapter, many critical issues are covered, such as the 
likelihood of panspermia and much more. 
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In Chapter 14, Jesús Martínez-Frías describes search for life on Mars through an astro-
geological approach. The chapter is comprehensive and covers planetary geology, the rel-
evant sections of NASA’s Astrobiology Roadmap, Mars meteorites, Mars missions, and 
Mars analogs among other important topics. 

Radu Popa provides a detailed survey of the main ideas on the elusive definition of life in 
Chapter 15. In a surprising twist, he delves deep into the origins of life and the RNA world 
and makes an important contribution in this area. 

Chapter 16 is written by a philosopher, Guenther Witzany. He addresses language 
and communication as universal requirements for life. Witzany covers the ground about 
communication and life for various life forms at all levels of complexity. Much is to be 
learned from this chapter, since these topics are not sufficiently addressed in traditional 
astrobiology.

The key question of astrobiology is transition from abiotic to biotic, and, naturally, we would 
like to know if there is an algorithm for it. In Chapter 17, Sara Imari Walker handles this ques-
tion expertly. Her chapter goes above and beyond verbal descriptions. She has provided math-
ematical explanations, but does not leave the readers in the dark. For those who are somewhat 
rusty in math, she has incorporated a math primer at strategic places across the chapter. 

In Chapter 18, Dirk Schulze-Makuch and coworkers address the search for extrater-
restrial life and what we are looking for in such a search. They describe the challenges in 
finding extraterrestrial life and examine the possibility of life in various extraterrestrial 
environments (e.g., Venus, Mars, Titan). They also discuss geoindicators for life and vari-
ous biosignatures among other topics.

Matti Jalasvuori and Jaana K.H. Bamford cover the evolution of viruses and their astro-
biological significance in Chapter 19. This is a clearly written chapter, which is also a primer 
on viruses. The question that astrobiologists ask most often about viruses is whether or not 
they are alive and whether they fit into the definition of life, which requires self-replication. 
Scientists are only recently becoming aware that viruses are ancient. Viruses are well con-
nected to the origins of life and to the evolution of life in general, via participation in host 
evolution.

Chapters 20 and 21 have been written by Luis P. Villarreal, who is a virologist and a molec-
ular biologist. These chapters combine advanced material with complex ideas. Chapter 20 
explores how viruses are connected to the origins of life, especially the cooperation element 
in the so-called quasispecies consortia. Viruses interact with the host in a manner that has 
evolutionary consequences. In Chapter 21, Villarreal explores how  virolution can help us 
understand recent human evolution. He also provides two primers in Chapter 21 on the 
topics that require more extensive knowledge in molecular biology and virology.

Finally, the reader might notice some repetition of topics in different chapters (Drake’s 
equation, quasispecies consortia, Eigen’s quasispecies, etc.). This has been done on purpose, 
as revisiting topics is helpful to students. Moreover, these topics have been covered in different 
astrobiological contexts. It is therefore important for students to experience these repetitions 
so as to make the concepts clear, which is critical for the interdisciplinary field of astrobiology. 

Vera M. Kolb
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C h a p t e r  1

Astrobiology
An Overview

Aaron David Goldman

1.1  EXTRATERRESTRIALS FROM THE SCIENTIFIC 
REVOLUTION TO THE SPACE AGE

Medieval European scholars spent little time thinking about whether and where extra-
terrestrial life may exist. The Aristotelian cosmology adopted by most medieval schol-
ars held that the Sun, Moon, planets, and stars all comprised perfect spheres orbiting the 
Earth in concentric circles. Because the celestial bodies were thought to be perfect spheres 
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without geologically complex terrains, their habitation was rarely considered. In the mid-
sixteenth  century, Nicolaus Copernicus’s mathematical model of the Earth and the five 
other known planets orbiting the Sun led to an enormous shift in the broader understand-
ing of the Earth’s place in the cosmos.

In addition to this scientific discovery, an idea later called the Copernican principle 
swept across the scholarly world, which maintained that the Earth is not a special part 
of the universe. A consequence of this perspective is that earthlike environments should 
also exist on other planets and that they should be inhabited by extraterrestrial life. 
This opinion was later captured by Bernard le Bovier de Fontenelle’s 1686 publication, 
Conversations on the Plurality of Worlds, which explained the work of Copernicus in clear 
language intended for a broad public audience and included discussions on the nature of 
extraterrestrials.

By the mid-eighteenth century, nearly half of scholars associated with the enlighten-
ment (the defining scholarly movement of the time) had written about extraterrestrial life. 
In the latter half of the century, astronomers began to expand the Copernican principle by 
seriously considering other stars to be suns with planets inhabited by organisms orbiting 
around them. The principal stellar astronomers of the time, Thomas Wright, Immanuel 
Kant, Johann Lambert, and William Herschel, assumed that planets, moons, and even 
comets were likely to be inhabited.

The nineteenth century began with an overwhelming majority of scientists, philoso-
phers, and academic theologians sharing a common belief in extraterrestrial life. What 
can now be seen as wild speculation was at the time considered to be a sound assumption 
based on a growing scientific understanding of the cosmos. The overwhelming differences 
in gravity, light, and heat on the different celestial bodies of the solar system were often 
disregarded. However, as the power of telescopes increased and the advent of spectroscopy 
allowed astronomers to measure the chemistry of nearby planetary atmospheres, the idea 
that these bodies were inhabited, at least by animal-like organisms, steadily decreased in 
popularity.

Mars was the last holdout for this kind of extraterrestrial life beyond Earth. Between 
the late nineteenth century and the early twentieth century, some astronomers argued 
that markings on the Martian surface that would later be identified as optical illusions 
or streaks of dust entrained by wind were in fact canals manufactured by a population of 
intelligent organisms (Figure 1.1). Though this interpretation was out of favor by the 1920s, 
a seasonal darkening pattern around the Martian polar region was still being attributed to 
simple plantlike life. This interpretation was ultimately dispelled in 1964 by the Mariner 4 
spacecraft, which provided the first images of the Martian surface taken from close range.

The Mariner spacecrafts are one example of how the space age beginning in the late 
1950s brought with it the ability to directly image and examine planetary and lunar sur-
faces within the solar system, thereby discrediting claims of easily recognizable, multi-
cellular, extraterrestrial life forms. But, at the same time, subsequent missions to Mars 
and the outer planets produced a detailed picture of those bodies and their moons and, 
especially in the case of Mars, a partial understanding of its early history. In several extra-
terrestrial locales that will be discussed later on in this chapter, planetary scientists found 
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(a)

(b)

FIGURE 1.1 Martian maps of the late nineteenth century. A map by Giovanni Schiaparelli (a) was 
published in 1888 and first described a series of interconnected lines on the Martian surface. He 
referred to these lines as canali, which can be translated into English as channels or canals, the lat-
ter implying that they resulted from engineering by intelligent Martians. Many astronomers at the 
time believed that these lines were in fact a sign of intelligent life. Most notable was Percival Lowell, 
who first published his own maps of Martian canals in 1895 (b) and argued that the canals were dug 
by intelligent Martians in order to bring water from the melting polar ice caps to the arid equatorial 
region. Later comparisons of these maps to images of the same region demonstrate that the canals 
were optical illusions. (These images are from Wikimedia commons and are in public domain.)
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environments not too dissimilar from inhabited environments found on Earth. Where 
once the existence of extraterrestrials was based on speculative assumptions, it could now 
be studied through careful consideration of chemical and biological evidence.

1.2 DRAKE EQUATION AND THE ANTHROPIC PRINCIPLE
Though hypotheses of intelligent extraterrestrials in our solar system were effectively the 
advancement of technology, the same technology made contact with intelligent extrater-
restrials from other, distant solar systems possible. This was the thinking of Giuseppe 
Cocconi and Philip Morrison, who in 1959 published an article entitled “Searching for 
Interstellar Communications.” In it, they wrote that interstellar communication is possible 
by means of electromagnetic waves and went on to suggest certain frequency ranges and 
targets for detection. One year later, Frank Drake, who had independently arrived at the 
same idea, conducted the first search for extraterrestrial communications. This test is seen 
as the birth of the search for extraterrestrial intelligence (SETI).

One year later, Drake, in conjunction with the National Academy of Sciences, organized 
a meeting to discuss the new search for intelligent life. In preparation for the meeting, he 
wrote down all of the factors that needed to be known or at least estimated in order to 
conduct a careful and informed search. Drake realized that writing the list as a series of 
probabilities multiplied together would equal the number of civilizations with which com-
munication is possible. This formulation became known as the Drake equation:

 N = R* · fp · ne · f l · fi · fc · L (1.1)

where
N is the number of civilizations in our galaxy with which communication is possible
R* is the average rate of star formation in the galaxy
fp is the fraction of stars that have planets
ne is (if a star has planets) the number of those planets that can potentially support life
f l is the fraction of planets able to support life that actually go on to develop it
fi is the fraction of planets where life exists that have at least one intelligent species
fc is the fraction of planets with an intelligent species where that species has developed 

detectable technology
L is the length of time for which such civilizations produce detectable signals

Though some SETI researchers use the Drake equation to hone their search, the broad 
utility of the Drake equation is that it breaks the problem of extraterrestrial life into spe-
cific questions that can be addressed within and between real scientific disciplines. The 
majority of astrobiologists, today, are concerned with finding any extraterrestrial, be it 
microbial, multicellular, or intelligent. In this case, the Drake equation without the last 
three terms still provides a useful guide for thinking about extraterrestrial life through 
questions that can be addressed by science.

R* , the rate of star formation in the galaxy, and fp, the fraction of stars that have planets, 
ask clear astronomical questions. When the Drake equation was first proposed, there was 
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very little evidence one could use to estimate R* and fp. Today, strong evidence suggests 
that R* , the rate of star formation in the galaxy, is about seven stars per year. More amazing 
is the recent revelation that fp is very high, averaging one planet per star in the Milky Way 
galaxy. This recent discovery will be discussed later in the chapter.

As the equation moves on, its terms increasingly require input from disciplines other 
than astronomy. Estimating ne requires astronomical observation, but knowing how to 
interpret those observations depends on our understanding of the limits of life. The term 
f l requires an understanding of how life can emerge from nonliving chemistry, a question 
that, itself, requires contributions from chemistry, geology, and molecular biology. The 
term fi is dependent on the evolution of multicellularity and the subsequent evolution of at 
least one intelligent species. The final two terms, fc and L, fall within the purview of sociol-
ogy, if they can be answered at all.

At first glance, it is tempting to give f l and fi and fc values of 100% because we find that 
life on Earth was able to develop and did so, life was able to evolve an intelligent species and 
did so, and that this intelligent species was able to develop communication technology and 
did so. This argument about the seeming inevitability of intelligent life can be explained 
by the anthropic principle, which states that we see a world perfectly arranged for our own 
existence because we would not be able to observe any other. If the world were not perfectly 
arranged for our own existence, we would not be present to observe it. In other words, the 
values of f l, fi, and fc have to be 100% for Earth because otherwise, there would be no one 
around to discuss the Drake equation.

This does not mean that the values of f l, fi, and fc should be 100% throughout the galaxy. 
In fact, many evolutionary biologists and psychologists now think that the value of fi is 
probably just above 0%. This conclusion is based not on the mere fact of our existence, but a 
detailed understanding of the evolutionary steps leading to animal life and the subsequent 
evolution of one species intelligent enough to develop science and technology. Thus, any 
consideration of life beyond Earth should be based on our best understanding of how life 
emerges and evolves.

1.3 ESSENTIAL FEATURES OF LIFE
It is unclear exactly how different an extraterrestrial organism would be from life on Earth. 
But our understanding of what constitutes a habitable environment, what primitive organ-
isms on Earth may have been like, and ultimately how we can detect extraterrestrial life 
depends on what life actually is and what properties of life on Earth we should expect to 
see in extraterrestrial life. Does life have to evolve by natural selection? Does life have to be 
based on carbon chemistry? Does life have to be made of cells? Does life have to be made of 
matter? The problem of defining life is one that will be addressed in greater detail in the 
following chapters. For now, we will simply survey general properties of life on Earth with 
an eye toward those features that seem likely to be universal properties of life.

1.3.1 Reproduction and Heredity

Organisms on Earth are able to reproduce themselves. Most organisms do this by direct rep-
lication through cell division. The components of the cell are copied and separated into two 
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identical daughter cells. Other organisms reproduce sexually, dividing their genetic material 
in half and combining it with a mate to produce a new organism that represents a hybrid of the 
two. Either way, reproduction appears to be a fundamental feature of life, given that all life on 
Earth does it. Furthermore, it is difficult to imagine what nonreproductive life would even be.

One requirement of reproduction is that the information that produces and directs the 
organism must be stably passed on to subsequent generations. For life on Earth, the organ-
isms, their chemistry, and their behavior are mostly produced by the functions of proteins, 
the primary functional molecule of cells. Proteins are composed of a set of 20 amino acids 
that fold into 3D structures. These structures can interact with other proteins or nonpro-
tein components of the cell, catalyze chemical reactions including synthesis of cellular 
components, receive and transmit signals, give their cells shape and internal organization, 
and facilitate a cell’s interaction with the environment.

The chief heritable material of life is deoxyribonucleic acid (DNA), which contains the 
instructions to synthesize proteins, along with the timing and magnitude of their syn-
thesis. Individual genes encode proteins as sequences of four nucleotides that are read in 
sets of three and converted into a sequence of amino acids corresponding to the protein. 
This conversion from DNA to protein is performed by first transcribing the sequence to a 
related molecule, ribonucleic acid (RNA), and then converting the RNA to protein through 
a genetic code.

Many features of this genetic system are probably a result of historical chance during the 
process of evolution and are unlikely to be shared by all life throughout the universe. As 
we will see later, some ancient forms of life most likely did not use this three- component 
genetic system of DNA, RNA, and proteins. Still, the storage of genetic material in genomes 
and the translation of a specialized information molecule like DNA into a specialized func-
tional molecule like protein are useful strategies for optimal reproduction that we might 
expect to find in an extraterrestrial life form.

1.3.2 Evolution

Evolution is used in other sciences to refer to different sorts of long-term change. 
Astronomers use stellar evolution to describe the predictable changes that a star undergoes 
between the onset and end of the nuclear fusion that powers it. Geologists use the term 
evolution, as in crustal evolution or isotopic evolution, to signify a slow process of change 
in composition or character of rocks, landforms, or continental plates. Biological evolution 
is very different from these concepts. It is not merely change over long periods of time, 
but change under some selection pressure that promotes traits that are best adapted to an 
organism’s ability to reproduce.

In order for biological evolution to occur, (1) a population of organisms must reproduce, 
(2) the form of reproduction must produce a variety of traits that can be inherited by a sub-
sequent generation, and (3) a mixture of selection pressures must cause some organisms 
to contribute genetically to the next generation more than others due to advantages from 
their specific combination of traits. Over long time spans, these small changes produced by 
selection pressures can accumulate to yield drastically different species of organisms with 
dramatically different traits.
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Charles Darwin discovered the most important mechanism of evolution, natural selec-
tion, in which some members of a species are more successful than others because they are, 
for example, more likely to survive or gain access to greater resources. Darwin later discov-
ered a second form of selection, sexual selection, in which sexually reproducing organisms 
may contribute more or less to the subsequent generation because they are better at attract-
ing a mate. The genetic and genomic mechanisms of evolution are now understood in great 
detail, and evolution, itself, can be seen not only at the level of organisms but at smaller 
levels like individual genes and, some believe, at larger levels like groups of organisms.

Indeed, anything will evolve as long as it replicates, produces variation, and is subject to 
some form of selection. Cultural ideas, or memes, evolve in a manner similar to biological 
evolution, and many computer programs now take advantage of the evolutionary process 
in order to optimize their parameters. It is hard to see how a process of evolution like that 
observed in life on Earth would not occur in other forms of life, even if the form of repro-
duction and genetic transmission was very different.

1.3.3 Cellularity

Cells are the basic unit of organismal life. Every organism is made of one or more cells, 
which are bounded by a membrane. Cell membranes are composed of amphipathic mol-
ecules, meaning that they have one end that is water soluble and another that is fat soluble. 
In water, these amphipathic compounds can form layers that are two molecules thick in 
which the fat-soluble ends of the compounds face each other in the interior of the mem-
brane and the water-soluble ends of the compounds face either the cell interior or the 
external environment.

Cellular membranes are stable enough to act as a barrier between the interior of the cell 
and the extracellular environment, but are fluid enough to allow the organism to change 
shape, absorb other membrane material, and fill the membrane with channels, transport-
ers, signal receptors, and other macromolecules that impart the sorts of functions associ-
ated with the barrier between an organism and the external environment. It is possible 
that other forms of life could exist without cellular membranes. Most models of the origin 
of life start with replicating systems of genetic macromolecules or chemical networks that 
are not organized into individual cells. But the cellular structure of organisms on Earth is 
ubiquitous and was possibly a prerequisite for life to evolve a diversity of species and spread 
across the biosphere.

1.3.4 Metabolism

Organisms maintain themselves through a network of controlled chemical reactions 
referred to collectively as metabolism. Metabolic reactions are linked so that the products 
of one reaction are the reactants of the next. The majority of these reactions are catalyzed 
by protein enzymes. Metabolism is responsible for extracting energy from the environ-
ment, often in the form of light, or extracting chemical potential energy stored in organic 
compounds produced by other organisms. Metabolism is also responsible for using that 
stored energy to produce the building blocks of the cell, such as sugars, starches, nucleic 
acids, proteins, lipids, and a host of other compounds.
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It is not clear whether an organism could exist without some kind of metabolism under 
its own control. Much of what organisms do in the first place falls under the category 
of metabolism. Metabolism allows cells to grow and reproduce subsequent generations. 
Metabolism may also require the cellular structure of organisms to better concentrate pre-
cursor compounds, remove waste products from the organism’s interior, and keep other 
organisms from appropriating the organism’s metabolic products. As we shall see later, 
many of the detection methods for extraterrestrial life rely on the presence of metabolic 
waste products released into the environment.

1.4 ORIGIN(S) OF LIFE
By the time of the Drake equation, study of the origin of life was already an established 
scientific field. Like extraterrestrial life, early ideas about origins were overly optimistic in 
hindsight. The theory of spontaneous generation held that organisms regularly emerged 
from nonliving material given the right conditions, for example, worms emerging from 
mud or flies emerging from putrefying earth. The slow decline of the belief in spontaneous 
generation theories culminated with the development of cell theory in the mid-nineteenth 
century, which stated that all life is made of one or more cells and that cells only come from 
other cells.

This new understanding of life’s most basic structural unit implied that origins of life 
were not regular occurrences. The scientific study of the origin of life was initiated by 
Alexander Oparin in 1936, who proposed that the methane- and ammonia-rich atmo-
sphere of the early Earth could have produced larger organic compounds like those pres-
ent in life, today. This hypothesis was experimentally tested and validated 17 years later by 
Stanley Miller and Harold Urey, who electrically shocked clouds of ammonia and methane 
gas and were able to synthesize amino acids and other organic compounds essential for life. 
The Miller–Urey study marked the beginning of experimental research on the origin of 
life, a field that has now grown to include a broad range of methodologies and disciplines.

1.4.1 Prebiotic Chemistry

The Miller–Urey experiment also represents the first study in a branch of research that 
endeavors to understand how the chemistry of life can be produced through nonbiologi-
cal processes. Soon after Miller and Urey demonstrated the synthesis of amino acids, the 
building blocks of proteins, Juan Oró demonstrated that nucleobases, the genetic compo-
nent of DNA and RNA, could be generated by methods of synthetic organic chemistry. 
Other laboratory conditions meant to mimic natural environments are now known to pro-
duce polymers of amino acids and nucleotides mimicking the proteins and nucleic acids 
that are responsible for molecular function and genetic inheritance in life, today.

This sort of experimental prebiotic chemistry is bolstered by studying the organic chem-
istry of carbon-rich meteors. Amino acids and nucleobases are found in such meteors, 
indicating that these compounds not only are generated without biological enzymes in a 
laboratory but are generated by natural processes in the solar system. The lipids found in 
these same meteorites can spontaneously form bilayer membranes like those of cells. These 
two parallel lines of research have demonstrated the ability of natural processes to yield 
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large organic compounds and the importance of identifying real geochemical scenarios 
that would facilitate many of these disparate reactions at once.

A number of possible locations for the origin of life have been proposed, each with its 
own set of favorable traits. Iron–sulfur mineral surfaces are a popular potential setting 
for origins because of their ability to catalyze oxidation/reduction reactions. These min-
erals are also found in hydrothermal systems that could provide an energy source while 
their porous structure could serve to concentrate compounds. The presence of iron–sulfur 
clusters in the active sites of many enzymes involved in oxidation and reduction reactions 
supports the potential of an iron–sulfur setting for prebiotic chemistry.

Other surface environments have also been proposed as settings for the origin of life. 
For example, certain types of clay have a number of properties beneficial to prebiotic 
chemistry. Clay layers can serve to concentrate organic compounds and their surfaces 
can catalyze the formation of protein and nucleic acid polymers. Water ice has also been 
proposed as a setting for the origin of life. The freezing of ice has the ability to concen-
trate organic compounds, and the surface of ice crystals can stabilize RNA and promote 
its catalytic functions. The same organic compounds that formed through electrical dis-
charges in the Miller–Urey experiment can also form in cold environments over longer 
periods of time.

Hydrothermal vents rich in iron–sulfur minerals, ordered layers of clay, and cold liquid 
inclusions within ice crystals represent only a fraction of proposed settings for the origin 
of life. It is not clear that there is any way to distinguish which of these scenarios, if any, 
is the most similar to the true setting of the origin of life on Earth. But for the purposes 
of astrobiology, it is more important that we now know that it is possible to generate com-
plex organic compounds without enzymes and that there is a sense of which compounds 
are more likely to have been present prior to life and which were likely not present. As we 
look for habitable planets beyond Earth, we may also ask the question of whether settings 
capable of prebiotic chemistry are present on these planets.

1.4.2 Ancient Life

Evolutionary conservation and fossilization have preserved evidence of the character of 
early life and the major transitions that took place in life’s early development. As we look 
deeper into history, however, the evidence grows thinner. Evolutionary biology will prob-
ably never give us a detailed picture of life’s origin, but the historical evidence provided 
by the preservation of ancient gene families can suggest a context for prebiotic chemistry 
and geological settings for the origin of life and helps us understand how the fundamental 
features of life, such as the genome, the genetic code, and metabolism, first took shape.

The earliest broadly accepted fossil evidence for life on Earth dates to around 3.5 billion 
years ago, whereas controversial evidence of life reaches back to 3.8 billion years ago. Some 
of the 3.5 billion-year-old fossils resemble structures similar to those of modern bacteria. 
These fossils often contain carbon with an isotopic signature, the ratio of heavy atoms to 
light atoms that is similar to life. The biological origin of these fossils has not, yet, been 
confirmed, but it is generally accepted that life was present on Earth at least as late as 
3.5 billion years ago.
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To go beyond the limits of geological preservation, ancient life can be examined from 
the perspective of gene and genome evolution. Comparing the sequences of related genes 
found in every species can be used to infer the evolutionary history of life. At the base of 
this tree is a single point of coalescence typically referred to as the last universal common 
ancestor (LUCA), which subsequently splits into two branches to produce the domain 
Bacteria and the ancestor of the domains Archaea and Eukarya (Figure 1.2). By survey-
ing the gene families present in genomes across the tree of life, studies have deduced that 
hundreds of gene families were likely present in the genomes of these ancestors. Among 
these are genes related to protein synthesis and the genetic code, metabolism, and the 
maintenance of a cellular membrane. Not present on this list are the majority of genes 
required to synthesize DNA and its nucleotide components, suggesting that the DNA 
genome arose either around the time of the LUCA or soon after the split between Bacteria 
and Archaea/Eukarya.

In contrast to the machinery involved in synthesizing the DNA genome, the genes 
required for protein synthesis were numerous in the LUCA and remain highly conserved 
across the tree of life. Today, the genetic code that is used to direct the synthesis of proteins 
almost never differs between species, suggesting that it was well established in the LUCA. 
The presence of many gene families encoding large proteins in the LUCA further indicates 
that a capable system of protein synthesis by nucleic acid translation was in place.

Proteins play the chief functional role in almost every metabolic pathway. But protein 
synthesis, itself, relies on a number of functional RNA molecules that are central to the 
process. The genetic code is translated by transfer RNAs and the catalyst of protein elon-
gation is located in one of the RNA components of the ribosome. The genes, themselves, 
are read off of messenger RNA rather than DNA. The discovery in the mid-1980s that 
RNA has catalytic capabilities as well as genetic functions led to the idea that the original 
genetic system may have been composed of heritable RNA molecules that could be copied 
like DNA, but could also perform catalytic functions like proteins. While the details and 
accuracy of this hypothesis are still being scrutinized, the so-called RNA world hypothesis 
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FIGURE 1.2 Evolutionary tree of life on Earth. The tree coalesces into a single root commonly 
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remains the most widely accepted explanation for how our complex system composed 
of DNA, RNA, and proteins arose from a simpler system composed of only one type of 
macromolecule.

1.4.3 Unanswered Questions about the Origins of Life

A number of subjects related to origins and early evolution of life have been omitted from 
this account for the sake of brevity. How chemical systems self-organize into replicating 
lifelike entities has been under investigation for several decades. The role of membranes 
in the origin and early evolution of life is also an active area of research. We do not know 
how many times life may have originated and whether the LUCA truly represents a sin-
gle lineage or a mixture of lineages that shared genes across organismal boundaries at a 
rate higher than that of today. We do not even know whether life originated on Earth or 
whether it arose elsewhere and was subsequently transported.

The volume of unanswered questions regarding the origin of life appears daunting. But 
the understanding of these various problems and the sophistication with which they are 
studied has steadily increased since the research was initiated theoretically by Alexander 
Oparin and experimentally by Stanley Miller. For the purpose of astrobiology, it is less 
important to know exactly how life originated on Earth and much more important to 
know the mechanisms underlying potential origins of life on any planet. Research into pre-
biotic chemistry, origin of life settings, and early evolution from simpler to more complex 
forms of life all inform the search for extraterrestrial forms of life that may have originated 
on other planets or moons.

1.5 LOOKING FOR LIFE BEYOND EARTH
The primary goal of astrobiology is finding life beyond Earth. So far, the exploration of our 
solar system has not presented any signs of extraterrestrial life. If there is life to be found 
elsewhere in the solar system or the galaxy, it will only be discovered with a sophisticated 
search that takes seriously the questions of which environments are capable of support-
ing life, where beyond Earth might we find those environments, and how we will detect 
the inhabitants of those environments with the limitations of robotic probes and remote 
observations. This effort will require a survey of the most extreme and unexpected condi-
tions in which we find life on Earth, an intimate knowledge of the local conditions pres-
ent on planets and moons within our solar system, a better understanding of planetary 
systems beyond our solar system, and well-designed methods for detecting the presence 
of life.

1.5.1 Environmental Limits of Life on Earth

The Earth has many environments that are too hot, too cold, too acidic, too basic, too salty, 
too high pressure, or otherwise too poisonous or too mutagenic for human survival. But 
the majority of such environments are now known to host ecosystems of microbial organ-
isms and sometimes even animals and plants. Exploring the communities of the so-called 
extremophiles that live in these environments can further our understanding of the limits 
of earthlike life and aid in the search for extraterrestrials.
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For example, one might assume that the temperature range of life would at most be limited by 
the temperature range of liquid water, 0°C–100°C. But liquid water can exist below 0°C if it con-
tains dissolved salts and can exist above 100°C if the water is under high pressure. Organisms 
that live at extremely low-temperature environments, psychrophilic, may also require the high-
salt conditions of the environment, halophilic, and organisms that live at extremely high tem-
peratures, thermophilic, are also often tolerant of high pressures, barophilic or piezophilic.

Currently, the most heat-tolerant organism known is an archaean called Methanopyrus 
kandleri strain 116, which was isolated from hydrothermal vents and was shown to repro-
duce at 122°C under high pressure. The lowest growth temperature, −20°C, can be toler-
ated by a number of bacterial and archaeal species. Small amounts of unfrozen water in 
permafrosts or brine channels in ice create liquid water environments at these low tem-
peratures. Similar environmental limits for life have been described for acidity (pH 0–13), 
pressure (102 MPa), radiation (60 Gray h−1), and other parameters.

These specific environmental limits are due to features of biochemistry such as the temper-
ature and pressure range of liquid water and the stability of the major macromolecules of life, 
especially membranes, proteins, and DNA. We have no way of knowing what the environmen-
tal limitations of extraterrestrial life would be if that life had an entirely different biochemistry. 
But given that any search for life has limitations on time and resources, it is sensible to limit 
these searches to extraterrestrial environments that mimic inhabited environments on Earth.

1.5.2 Extraterrestrial Habitable Environments

As mentioned earlier in the chapter, space exploration has identified several bodies within 
our solar system that are likely to host environments that are currently or formerly habit-
able. Landforms that resemble dry river beds and flood-carved channels are prevalent on 
the surface of Mars, and subsequent chemical analysis by the Mars Curiosity rover has 
established that at least some of these features were created by surface liquid water in the 
early history of Mars. Orbiting spacecrafts have provided further chemical evidence for 
bodies of water that once existed on the planet’s surface.

The time span over which Mars was able to maintain a habitable surface environment in 
its early history is still being investigated. The Curiosity rover has also identified the pres-
ence of elements required for life (but no organic matter) as well as evidence of a chemical 
gradient on ancient Mars that could have provided energy for life. Today, the thin atmo-
sphere on Mars is not capable of warming much beyond the freezing point of water and the 
average surface temperature is −55°C. But, it is still possible that life can inhabit subsurface 
aquifers that remain heated through geothermal activity.

Other locations that may host extraterrestrial life in our solar system are the icy moons 
known to orbit the large gaseous planets beyond the asteroid belt. Europa is the sixth clos-
est moon of Jupiter and is slightly smaller than the Earth’s Moon. It is covered by ice that is 
cracked and relatively free of craters, which is taken to mean that beneath this layer of ice is 
a vast liquid water ocean assumed to be much deeper than Earth’s oceans. Further evidence 
for a liquid water ocean comes from Europa’s magnetic field, which is affected by currents of 
salt-rich liquid (presumably water). Tidal forces created by the gravitational pull of Jupiter are 
thought to provide an internal heat source that may melt large pockets of surface ice above 
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and may result in deep-sea vents like those seen on Earth. Such vents on Earth host ecosys-
tems that are nearly energetically independent from the rest of the biosphere (Figure 1.3).

Enceladus, an icy moon that orbits Saturn, is too small to have any internal heating like 
the Earth, but it does appear to have a heated polar region that produces jets of water vapor, 
implying a liquid water ocean beneath. The water vapor plume also contains organic com-
pounds, making a viable case for habitability or perhaps even habitation. Another moon of 
Saturn, Titan, presents a more peculiar case for life. Like the icy moons, Titan has a cold surface 
(−180°C). The water on that surface is frozen, but organic compounds like methane and ethane, 
which exist as gases on the surface of the Earth, are liquid on Titan and likely form rivers and 
lakes. There is a possibility that subsurface liquid water exists on Titan, but a case has also been 
made for life based in liquid methane/ethane rather than water. Such life would have a radi-
cally different biochemistry and would also have to contend with a very slow rate of chemical 
reactions due to the extremely low surface temperatures. Still, some have argued that if life is a 
consequence of chemistry, any chemistry, then we should find it on the surface of Titan.

1.5.3 Habitable Planets around Other Stars

Potentially habitable environments within our solar system are convenient in that they 
are mostly within reach of robotic landers and orbiters and perhaps, someday, human 
scientists. Mars has been visited by a steady stream of landers and orbiters, and most of 
the technology required for a probe to fly through the plume of Enceladus already exists. 
However, recent advances in astronomy have pushed the search for life beyond our solar sys-
tem in ways that very few scientists imagined several decades ago. At the time of the Drake 

FIGURE 1.3 Rich ecosystem surrounding a hydrothermal vent in the Juan de Fuca ridge in the 
northeast Pacific Ocean. The fluid emitted by the vent is 360°C and contains a high proportion of 
metal sulfide compounds. The exterior of the vent is covered by tube worms that contain symbiotic 
microorganisms that live off of the metal sulfides emitted by the vent. Other multicellular organ-
isms found in these environments include clams and spider crabs. (http://oceanexplorer.noaa.
gov/explorations/05lostcity/background/overview/media/fig2strawberry.html; Image courtesy of 
University of Washington.)
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equation’s formulation, astronomers had very little evidence that planets, and by associa-
tion, moons, existed outside of the solar system. Now, strong evidence suggests that there 
are at least as many planets in the galaxy as there are stars and that some of these planets 
are similar to Earth in their size and the amount of energy they receive from their host star.

The first confirmed extrasolar planets, or exoplanets, were discovered in the mid-1990s 
using a technique that depends on the planet’s tug on its star, which causes the star to move 
toward or away from the observer. Just like the pitch of a passing ambulance’s siren goes 
from high to low as it approaches, passes, then recedes, so starlight goes from blue to red as 
an orbiting planet pulls its star toward and away from the observer. This technique is called 
the radial velocity method because it uses the change in velocity of the star to indirectly 
detect the planet. Though it has been successful in finding exoplanets, the technique suf-
fers from a selection bias favoring the discovery of large planets close to their stars, because 
their tug will be the strongest. Other exoplanet detection methods like astrometry, which 
measures the movement of the star directly, and transit, which measures the dimming of a 
star by a passing planet, are similar in their preference for large planets close to their host 
star. Refinements of these techniques over the past two decades have removed much of this 
bias, allowing a more accurate understanding of the distribution of planets in our galaxy.

NASA’s Kepler mission, which ran for 3.5 years from 2009 to 2013, was the most con-
certed effort to understand the distribution of exoplanets in the galaxy. The Kepler mission 
consisted primarily of an orbiting space telescope that stared at a small region constituting 
0.25% of the total sky. The Kepler telescope measured light from stars in this field of view to 
detect exoplanets by transit. As of this writing, the Kepler mission has detected 3538 candi-
date exoplanets, over 1000 of which are likely to be rocky planets. Some of these planets are 
orbiting within their star’s habitable zone, the orbital distance from a star in which liquid 
water is expected to be present on the surface (Figure 1.4).

The success of these exoplanet-detection methods has provided a sense of the abundance 
of planets that are in the galaxy in addition to the overall distribution of planet sizes, densi-
ties, and orbital distances. In some cases, if the planet is of similar size to the Earth and it 
orbits within the habitable zone of its star, its habitability can be asserted with greater confi-
dence. The next generation of space telescopes may be capable of directly imaging putatively 
habitable exoplanets and measuring the chemistry of their atmospheres. As we will see, this 
sort of observation may provide evidence not only for habitability but also for habitation.

1.5.4 Detecting Extraterrestrial Life

Up until this point, we have discussed what life is, how it emerges from nonliving chemis-
try, and where else it might be in the solar system and the rest of the galaxy. But the ques-
tion of how to accurately identify the presence of extraterrestrial life is just as formidable 
and integral to astrobiology as these other topics. Important considerations include how 
similar the extraterrestrial life is expected to be to life on Earth as well as whether the 
detection will be done by a probe that can perform experiments on a sample (which is 
usually the case for planets and moons in our solar system) or whether the detection must 
be based on remote observation (which is unavoidably the case for exoplanets). Forms of 
evidence called biosignatures have been developed and debated for just this purpose.
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The first attempt by scientists to find microbial extraterrestrial life was a set of experi-
ments on board the Viking 1 and Viking 2 spacecrafts, which landed on Mars in 1976 
and 1978, respectively. One of these experiments radiolabeled nutrients similar to those 
produced by the Miller–Urey experiments and subjected them to Martian soil. The gas 
released from the soil was then analyzed for labeled CO2, a sign that the nutrients were 
metabolized. Surprisingly, the experiment did detect labeled CO2, but this conflicted with 
the results of the other experiments conducted by Viking and was later explained as a 
geochemical process rather than a biological one. This result demonstrates an important 
principle of biosignatures: that they not only have to be produced by life, but that they also 
should not be produced by anything else.

On the other hand, some biosignatures might be too specific to life on Earth, for example, 
complex organic compounds that are made by life on Earth but are probably not universal 
to all life. These are more likely to fail to yield a positive result, even if the sample contains 
extraterrestrial life forms. One solution to this problem relies on the hypothesis that life 
will probably always use only a small subset of available compounds within a given class of 
molecules. For example, out of all the possible amino acids that can exist, the majority of 
proteins contain only 20. Another seemingly universal biosignature is purposeful motion, 
that is, movement that cannot be explained by the flow of a solution. Features of life that 
do not rely on specific biomolecules, such as chemical selectivity and purposeful motion, 
are both detectable and likely to be shared more broadly by potential extraterrestrials.
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FIGURE 1.4 Circumstellar habitable zone (in blue) of our own solar system compared to the puta-
tive planetary system of the star, Gliese 581. Gliese 581 is an M-class star meaning that it is smaller 
and cooler than our Sun. The habitable zone of such a star, the orbital radius in which liquid water 
is likely to be present on a rocky planet’s surface, is much closer to Gliese 581 than that of our Sun. 
As of writing, three of the exoplanets orbiting Gliese 581, b, c, and e, are confirmed; d is likely, 
and f and g are controversial. Also as of writing, the current general estimates for stars hosting an 
earth-sized planet in its habitable zone range from 5% to 50%, based on the type of star and the 
definition of habitable zone. (Adapted from an original image produced by the European Southern 
Observatory; http://www.eso.org/public/images/eso0915b/.)
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Biomarkers such as these require that samples be taken and often tested on location, 
limiting their utility to the exploration of our solar system. But we now know that the gal-
axy is teeming with planets orbiting distant stars. Computer simulations of atmospheric 
chemical properties have shown that the presence of biological processes can be detected 
by their production of chemical constituents that are far out of equilibrium with regard 
to their oxidation states. For example, detecting the dual presence of methane (a reduced 
gas) and oxygen (an oxidized gas) in a planetary atmosphere would build a strong case for 
life. Indeed, keeping a chemical system out of thermodynamic equilibrium is a property 
of metabolism that we expect would be true for life throughout the universe. The ability 
to expand the search for life from the solar system to the galaxy (or at least our galactic 
neighborhood) will dramatically increase the chances of success.

1.6 FUTURE OF ASTROBIOLOGY
The scientific search to find extraterrestrial life has so far been unsuccessful. But as we 
have discussed, that search has become more and more sophisticated as astrobiological 
research produces new insights into the nature and setting of life’s origin, the habitability 
of environments on Earth and on other planets and moons, and the techniques required 
to find and confirm extraterrestrial life. The next decade will likely see greater efforts to 
explore Mars and the icy moons of Jupiter and Saturn, an unprecedented ability to observe 
and analyze extrasolar planets, the potential to engineer and study simpler forms of life in 
the laboratory, and breakthroughs that have not yet been imagined.

All of these advances will undoubtedly increase our likelihood of finding life on Earth-
like planets. But perhaps, extraterrestrial life does not exist or is so sparsely distributed 
throughout the galaxy that we have almost no chance of finding it. Even if this pessimis-
tic scenario is true, astrobiology research increasingly broadens our perspective of life on 
Earth and its place in the universe.
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GLOSSARY
Anthropic principle: A set of explanations for the observation that the universe seems 

ideal for the evolution of intelligent life. One variant, the weak anthropic principle, 
states that only a universe capable of supporting intelligent life can be observed 
because only this sort of universe would produce the intelligent observer.

Biosignature: One of a set of forms of evidence that can be used to recognize the presence 
of life.

Copernican principle: A perspective based loosely on Nicolaus Copernicus’s refutation 
of an Earth-centered universe in the mid-sixteenth century. The broader principle 
expands on this initial observation to refute any claim that our place in the uni-
verse is special.
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Exoplanet: Short for extrasolar planet; refers to any planet orbiting a star other than the Sun.
Extremophile: A population of organisms that live in an environment in which one or 

more parameters would be lethal to most other organisms on Earth.
Habitability: The ability of an environment on Earth or elsewhere to support life.
Habitable zone: Also sometimes called the Goldilocks zone, the orbital distance around 

a star in which liquid water likely exists on the surface. The original concept has 
been expanded to include the effects of climate and the gradual changes in a star’s 
energy output over time.

Hydrothermal vent: An ocean vent that emanates hot water produced through either 
geological or chemical activity. They are considered a possible setting for the ori-
gin of life and also likely habitable environments on icy moons.

Icy moon: A type of moon covered in surface ice and often likely to have liquid water 
beneath. Examples from our solar system include Europa, a moon of Jupiter, and 
Enceladus, a moon of Saturn.

LUCA: Last universal common ancestor; the population or populations of organisms rep-
resented by the root of the tree of life.

Prebiotic chemistry: The study of increasing chemical complexity that preceded and was 
necessary for the origin of life.

RNA world: A hypothesis about an early stage of evolution in which RNAs were both the 
chief genetic molecules and the chief executive molecules; functions that are now 
mostly performed by DNA and proteins, respectively.

SETI: Search for extraterrestrial intelligence; an astronomical survey for radio signals that 
likely originated from an intelligent extraterrestrial species.

REVIEW QUESTIONS
1.  Describe two pieces of evidence suggesting that present-day life was preceded by an 

RNA world in which RNAs served as both the chief genetic molecule and the chief func-
tional molecule.

2.  In what ways does research in biology contribute to the study of astrobiology? How 
about research in chemistry?

3.  The term evolution is used by biologists, geologists, and astronomers in different con-
texts. How does biological evolution differ in meaning from these other uses of the word?

4. What are some key features of life that we might expect to find on other planets?

5.  A decade from now, NASA decides to send a mission to Europa looking for life. Where 
on Europa would you suggest they look and what signs of life should they look for?
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2.1 INTRODUCTION
The standard picture today is that the universe is formed 13.8 billion years ago (Bennett 
et al. 2013) in what is typically called the Big Bang. There are two aspects of the period 
immediately after the Big Bang that are of interest with regard to planet formation and 
the existence of life. One is Big Bang nucleosynthesis that created the initial elements in 
the universe (Peebles 1966). The other is the formation of the initial structure that later 
 collapsed to form the galaxies, stars, and planets that we see today.

Immediately after the Big Bang, the universe was extremely hot. At this stage, nuclear 
reactions were converting protons into neutrons and neutrons back into protons. At these 
high temperatures (~1011 K), there were an equal number of protons and neutrons. These 
protons and neutrons were also continually combining to form deuterium (one proton and 
one neutron) and helium (two protons, two neutrons). However, at this stage, it was too hot 
for these elements to survive for very long.

Neutrons are very slightly more massive than protons and hence it requires energy for 
a proton to become a neutron. As the universe expanded and cooled, the rate at which 
protons changed into neutrons decreased, and the number of protons started to exceed the 
number of neutrons. After about 3 min, the temperature dropped sufficiently so that the 
heavier elements (deuterium and helium) could also survive. At this point in time, there 
was about one neutron for every seven protons, and all of these neutrons were incorporated 
into helium nuclei. A helium nucleus has two neutrons and two protons (and hence a mass 
almost four times that of a proton). Therefore, if there are 2 neutrons for every 14 protons, 
creating a helium atom leaves 12 protons and 1 helium nucleus containing 2 protons and 
2 neutrons. Hence, at the end of Big Bang nucleosynthesis, helium made up (by mass) 25% 
of the baryonic matter (normal matter composed of protons and neutrons) in the universe, 
with hydrogen (protons) making up the other 75%. A small amount of deuterium (one pro-
ton, one neutron), helium-3 (two protons, one neutron), and lithium (which forms when 
helium-3 combines with helium-4) also formed. Essentially, at the end of Big Bang nucleo-
synthesis, the baryonic matter in the universe consisted of, by mass, 75% hydrogen, 25% 
helium, and a tiny amount of lithium, helium-3, and deuterium (Walker et al. 1991). All the 
other elements that exist in the universe today—the building blocks of life—were formed 
through nuclear reactions in stars.

Another aspect of the early universe that is of relevance to star formation, planet forma-
tion, and life is the formation of structure. Initially, the universe is thought to have been 
full of tiny quantum fluctuations. It is theorized that a period of rapid inflation (Guth 
1981) occurred immediately after the Big Bang. The reason this is important is that it is 
thought that this rapid inflation (in which the universe expanded by a factor of 1030 in 
only about 10−36 s) enhanced these quantum fluctuations so that the resulting density 
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enhancements could then collapse gravitationally to form the galaxies, stars, planets, and 
all other  structures that we see in the universe today.

We can, actually, observe the fluctuations in the early universe in the cosmic microwave 
background (CMB) radiation (Penzias and Wilson 1965). This is the thermal radiation left 
over after the Big Bang that has now cooled, as the universe expanded, to a temperature 
of only 2.73 K. Figure 2.1 shows the temperature anisotropies in the CMB radiation, as 
observed by the European Space Agency’s (ESA) Planck satellite. These tiny temperature 
fluctuations were imprinted on the sky when the universe was only 380,000 years old and 
show the structure in the universe at the instant when it cooled sufficiently for the electrons 
and protons to combine to form neutral atoms. These tiny fluctuations represent the seeds 
of all the structure in the universe today (Davis et al. 1985).

2.2 STELLAR NUCLEOSYNTHESIS
Big Bang nucleosynthesis led to the universe consisting, initially, of hydrogen, helium, and 
a small amount of lithium, deuterium, and helium-3. All other elements in the universe 
today formed in stars or are associated with stellar evolution (Hoyle et al. 1956). In a simple 
sense, we can divide stars into three basic categories, low-mass stars, intermediate-mass 
stars, and high-mass stars. Low-mass stars have masses less than 2 solar masses, stars with 
masses between 2 and 8 solar masses are regarded as intermediate-mass stars, and those 
with masses above 8 solar masses are high-mass stars.

2.2.1 Low-Mass Stars

Stars form in the densest, coldest parts of the interstellar medium, the region between the 
stars. The process starts when a clump of gas and dust is sufficiently dense so as to collapse 

FIGURE 2.1 Tiny temperature fluctuations in the CMB radiation, observed by ESA’s Planck satel-
lite. These fluctuations are the seeds for all the structure in the universe today. (Courtesy of ESA 
and the Planck Collaboration, Paris, France.)
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under its own gravity. Initially, young stars are powered by the release of gravitational 
potential energy, but once their cores reach a temperature of 10 million K, they are able to 
start nuclear fusion, which then provides the energy for the rest of their lives.

In 1905, Einstein published his theory of special relativity. This theory included a rela-
tionship between mass and energy, the now famous equation E = mc2. In low-mass stars, 
the process is quite simple. Four hydrogen nuclei (protons) combine to form a helium 
nucleus (two protons and two neutrons). The mass of a helium nucleus is less than that of 
four protons and so the difference in mass is released as energy. Each reaction, therefore, 
uses up four hydrogen nuclei. This is known as the proton–proton chain. We can calculate 
how much energy is released in every reaction. We know how much energy is released by 
the Sun every second. Consequently, we can determine how much mass is used up every 
second in powering the Sun. If we assume that, during its life, the Sun will use up 10% of its 
hydrogen in core nuclear burning, we can estimate the lifetime of the Sun as being about 
10–12 billion years.

When a star like the Sun has used up the hydrogen in its core, the core will be composed 
entirely of helium and will start to contract because the core is no longer generating energy. 
A shell of compressed hydrogen around the core starts to undergo hydrogen fusion and 
adds helium to the inert helium core. Eventually, the helium core becomes hot enough for 
helium fusion to occur. Thus, a second phase of core burning will occur in which helium 
is converted into carbon with, occasionally, a helium nucleus fusing with a carbon nucleus 
to form oxygen.

Interestingly, helium burning is possibly the only example of a successful anthropic pre-
diction (a prediction that is based on the existence of humans). Helium burning involves 
two helium nuclei colliding to form beryllium, followed by a third helium nucleus collid-
ing to then form carbon. Known as the triple-alpha reaction, initial calculations suggested 
that the chance of a third helium nucleus colliding before the beryllium decayed was very 
small. Fred Hoyle suggested that our very existence indicated that there needed to be a 
resonance (in this case an energy level in beryllium) so that such a collision was much more 
likely than expected. Such a resonance was indeed discovered, in 1952, by Willy Fowler and 
hence explained the generation of carbon through stellar nucleosynthesis (Salpeter 1952).

Core helium burning in a low-mass star only lasts for a very short time, and the helium 
is typically exhausted within a few hundred million years. The core, now composed of 
carbon and maybe some oxygen, will shrink and there will be a short phase when helium 
and hydrogen are burnt in shells around the now inert carbon core. The carbon core of 
a low-mass star will, however, never become hot enough for carbon burning, so the core 
will contract until it is supported by what is called electron degeneracy pressure. The outer 
layers of the star will be ejected into space and will form, for a very brief period, what is 
known as a planetary nebula. This has nothing to do with planets but is simply the name 
given to these objects when they were first observed (and looked like planets) through 
small telescopes. Figure 2.2 shows an image, taken by the Hubble Space Telescope, of such 
a planetary nebula called the Ring Nebula.

In some low-mass stars, the atmospheres are enriched, through convection, in carbon 
generated by helium fusion. This carbon is ejected out into space, during the planetary 
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nebula phase, and it is thought that most of the carbon in the universe, and hence most of 
the carbon used for life, was created in such stars. The carbon core will remain as what is 
called a white dwarf, which will have a radius similar to that of the Earth and a mass about 
one-third that of the original low-mass star.

2.2.2 High-Mass Stars

Low-mass stars play two basic roles in the origin of life. One is that they have lifetimes of 
billions of years, giving sufficient time for life to form and evolve on a planetary companion. 
The other is that they are the origin of most of the carbon in the universe today. High-mass 
stars (stars with masses greater than 8 solar masses), however, play a very different role. 
All stars spend most of their lives burning hydrogen in their cores. Although the process 
in the core of a high-mass star also essentially converts four protons into a helium nucleus 
and releases the same amount of energy per reaction as in the core of a low-mass star, high-
mass stars use carbon as a catalyst. During hydrogen burning in the core of a high-mass 
star,  carbon is converted into nitrogen and then oxygen, and at the end of this process, four 
protons have been converted into helium and the carbon is recovered to be used again.

Since carbon (C), nitrogen (N), and oxygen (O) are involved in hydrogen burning in 
the core of a high-mass star, the process is known as the CNO cycle. It is a much faster 
process than the proton–proton chain that takes place in the cores of low-mass stars, and 
consequently, high-mass stars are much more luminous than low-mass stars. A star with a 

FIGURE 2.2 Image, taken by the Hubble Space Telescope, of a planetary nebula called the Ring 
Nebula. The progenitor star was probably a star slightly more massive than the Sun that has now 
exhausted its core hydrogen and helium and is shedding its outer layers to produce this relatively 
short-lived nebula. (Courtesy of The Hubble Heritage Team—AURA/STScI/NASA, Baltimore, MD.)
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mass 10 times that of the Sun is about 10,000 times as luminous. This means that it converts 
hydrogen to helium in its core 10,000 times faster than the Sun. A 10 solar mass star will 
therefore run out of fuel 1000 times faster than a solar mass star and will therefore have a 
lifetime of only about 10 million years. High-mass stars, therefore, do not have lives that are 
long enough for any form of life to form or evolve on any orbiting planets, were any to exist.

When the core of a high-mass star runs out of hydrogen, the star also undergoes a phase 
of hydrogen burning in a shell around the inert helium core. As with low-mass stars, this 
adds helium to the core so that it eventually becomes hot enough for carbon to form via 
helium fusion. The helium is exhausted in a very short time, after which there is a phase 
of double shell burning (helium in a shell around the inert carbon core and hydrogen in a 
shell around the helium shell). Unlike low-mass stars, however, the core of a high-mass star 
does become hot enough (600 million K) for carbon burning. Carbon burning forms neon. 
This stage is very short, lasting only hundreds of years.

After carbon burning ceases, shell burning resumes. Now there will be a carbon shell, 
surrounded by a helium shell, surrounded by a hydrogen shell. The temperature in the 
core, however, continues to increase and becomes hot enough for advanced nuclear burn-
ing. This typically happens through helium-capture reactions, adding two protons and 
two neutrons to the various elements that have already formed in the core. For example, 
carbon and helium produce oxygen, oxygen and helium produce neon, and neon and 
helium produce magnesium. If the temperature is high enough, then heavy elements can 
combine directly, such as carbon and oxygen to form silicon, and oxygen and oxygen to 
form sulfur. Again, each stage is very short lived and is followed by another stage of shell 
burning. Eventually, the core becomes composed entirely of iron, and this whole process 
stops. The reason it stops at this stage is because iron has the lowest mass per nuclear 
particle. A fusion reaction with iron would produce an element with a total mass greater 
than the total initial mass and hence requires energy. This is sometimes referred to as the 
iron catastrophe. What this means is that iron fusion is not possible in the core of a high-
mass star, and so the core can no longer generate energy and starts to contract. The core 
contracts until the protons in the iron nuclei combine with the free electrons to produce 
neutrons, and the core becomes composed entirely of neutrons. This reaction produces 
high-energy neutrinos and the outer layers of the star are ejected in what is known as a 
supernova explosion. The core remains as a neutron star, which typically has a radius of 
only a few kilometers and a mass similar to that of the Sun. If the core mass exceeds about 
2.5 solar masses, it is unable to prevent further collapse and contracts further to form a 
black hole.

So far, stellar nucleosynthesis has produced carbon from fusion in low-mass stars and 
elements up to iron through fusion in high-mass stars. Elements more massive than iron 
form during the supernova explosion at the end of a high-mass star’s life. When the core of 
a high-mass star collapses to form a neutron star, the outer layers of the star are ejected in 
an extremely energetic event known as a supernova explosion. During this process, high-
energy neutrons bombard the elements in the supernova ejecta, increasing the number of 
neutrons in the nuclei of these elements. These neutrons then decay to protons, producing 
newer, and heavier, elements.
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2.2.3 Intermediate-Mass Stars

We have discussed low-mass (<2 solar masses) and high-mass (>8 solar masses) stars, but 
have not discussed intermediate-mass stars (between 2 and 8 solar masses). This is because 
they behave partly like low-mass stars and partly like high-mass stars. The initial stage of 
an intermediate-mass star’s life is similar to that of a high-mass star: hydrogen fusion in 
the core of an intermediate-mass star occurs through the CNO cycle, and the process pro-
ceeds until the core is composed of carbon. The core of an intermediate-mass star, however, 
does not get hot enough to create elements heavier than carbon and so it ends its life like a 
low-mass star. The outer layers are ejected to form a planetary nebula and the core remains 
as a white dwarf.

2.2.4 Hertzsprung–Russell Diagram

A typical way to present the different types of stars and to illustrate their evolution is 
to consider what is called the Hertzsprung–Russell diagram. This is really just a plot of 
 temperature/spectral type (on the x-axis) and luminosity/magnitude (on the y-axis) and 
is illustrated in Figure 2.3. The top x-axis is temperature in Kelvin, increasing to the left, 
while the bottom is the corresponding spectral class. The right-hand y-axis is luminosity 
relative to the Sun, while the left-hand y-axis is the corresponding magnitude. Stars spend 
most of their lives on the main sequence (the diagonal band in Figure 2.3), which is the 
stage at which they are burning hydrogen in their cores. Massive, hot (blue) stars are at 
the top left of the main sequence, while low-mass, cool (red) stars are at the bottom right 
of the main sequence. The most massive stars on the main sequence in Figure 2.3 will be 
a few tens of solar masses, while the lowest-mass stars will be about one-tenth of a solar 
mass. This figure illustrates how luminosity increases dramatically with mass and, hence, 
that massive stars have very short lives compared to that of the Sun. The Sun has a surface 
temperature of about 5700 K and so is in the yellow region of the main sequence. Figure 2.3 
also includes some stars visible in the night sky.

When stars with masses similar to that of the Sun evolve off the main sequence, they 
move into the region labeled giants before expelling their atmospheres to produce a short-
lived planetary nebulae and leaving their cores as a white dwarf (which ends up in the 
bottom left region of the Hertzsprung–Russell diagram). Massive stars move off the main 
sequence to become supergiants before undergoing a supernova explosion and leaving 
their cores as a neutron star or, possibly, a black hole.

2.2.5 Evidence for Nucleosynthesis

Is there any evidence to support the picture presented earlier for the origin of the 
 elements? Yes, because we can consider the abundances of elements in our own solar 
system (Lodders 2003). Figure 2.4 illustrates the observed abundances of elements in our 
solar system. The y-axis is a log scale, so each division is a change of a factor of 10. What 
the figure shows is that hydrogen (H) and helium (He) are the most abundant  elements in 
the solar system and that there is a small amount of lithium (Li). This is consistent with 
Big Bang nucleosynthesis. We then notice that from carbon (C) to iron (Fe),  elements with 
an even number of protons are more common than those with an odd number of  protons. 
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This is because stellar nucleosynthesis normally proceeds via reactions that involve 
helium. Helium has two protons and hence even-numbered elements are more common 
than odd-numbered elements. There are other processes that can produce  elements with 
an odd number of  protons, but these processes occur less often than helium-capture 
reactions.

Beyond iron (Fe), there is a substantial drop in abundance. This is because these  elements 
are produced in supernova explosions (which are themselves rare) via neutron capture 
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type against luminosity/magnitude, for different types of stars, and also illustrates something of 
how stars evolve. Stars spend most of their lives on the main sequence with massive, hot stars at the 
top left and low-mass, cool stars at the bottom right. Sun-like stars evolve off the main sequence 
to become giants and eventually white dwarfs. Massive stars evolve to become supergiants and end 
their lives in a supernova explosion. The figure also shows the positions of some stars visible in the 
night sky. (Courtesy of CSIRO, Epping, New South Wales, Australia.)
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reactions (also rare). Ultimately, the abundances of elements in our solar system (and by 
inference in our galaxy) are consistent with the basic picture of the Big Bang nucleosynthe-
sis followed by stellar nucleosynthesis.

2.3 STAR AND PLANET FORMATION
We have considered how almost all elements heavier than hydrogen and helium in the 
 universe today were formed primarily through stellar nucleosynthesis, but we have not 
considered how these stars actually form. The initial small-scale structure in the universe 
collapsed gravitationally to form the stars and galaxies that we observe today. Star forma-
tion occurs in cold and dense regions of the interstellar medium, typically called giant 
molecular clouds. These are clouds primarily composed of molecular hydrogen and dust. 
For star formation to occur, the gravity in the cloud must be sufficient so as to overcome 
the pressure forces that are acting to prevent collapse.

In our own galaxy, a typical giant molecular cloud will need to have a mass of a few hun-
dred solar masses in order for gravitational collapse to occur. The cloud is, however, initially 
optically thin and so the temperature remains almost constant as the density  increases. 
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FIGURE 2.4 Figure showing the abundance of elements in our solar system with data taken from 
Lodders (2003). The figure illustrates that the abundances observed are consistent with what we 
would expect from the Big Bang nucleosynthesis producing the hydrogen (H), helium (He), and 
a small amount of lithium (Li). Heavier elements are then formed through stellar nucleosynthesis 
either in the star itself [up to iron (Fe)] or in neutron capture reactions in the supernova explosions 
associated with the death of high-mass stars (elements beyond iron). (Data taken from Lodders, K., 
Astrophys. J., 591, 1220, 2003.)
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This means that rather than forming a single massive star, the cloud fragments into many 
low-mass cores (Bonnell et al. 2001). These initial protostellar cores typically have masses 
only a few times that of Jupiter, but continue to accrete mass from the surrounding cloud, 
with their final mass determined by the density of the region in which they are growing. 
Most stars will grow to masses similar to that of the Sun (between 0.3 and 2 solar masses). 
Some will be ejected or grow slowly and end up with a very low mass (called brown dwarfs 
if their mass ends up less than 0.08 solar masses), while a few may grow to become very 
massive.

Initially, stars are powered by the release of gravitational potential energy. This process 
also heats the core of the young protostar, which continues to contract until it reaches a 
temperature of 10 million K. At this point, nuclear fusion commences and the star will be 
in an approximate equilibrium, which it will maintain for most of its life. As discussed 
before, the lifetime depends on the mass of the star and decreases rapidly with increasing 
stellar mass.

2.3.1 Protostellar Discs

The giant molecular clouds, from which stars form, are typically very large. As the material 
collapses to form a young star, it needs to conserve angular momentum. As the individual 
protostellar cores contract, they spin faster and faster. This means that most of the mate-
rial cannot fall directly onto the young protostar. If it did, the young protostar would end 
up spinning so fast that it would simply break apart, rather than ultimately contracting to 
form a star. Instead of this material falling directly onto the central protostar, it falls par-
allel to the rotation axis and forms a thin disc around the young protostar (Terebey et al. 
1984). The radial extent of the disc depends on the angular momentum of the material from 
which it forms, but these discs are typically a hundred to a few hundred astronomical units 
(AUs—distance from the Sun to the Earth) in size. Figure 2.5 shows images of discs around 
young stars in the Orion star-forming nebula. The bright spot in the center of each image is 
the young protostar, and the dark-surrounding region is the dusty circumstellar disc that is 
 acting to block light from the brighter nebula in the background.

The disc then plays two important roles in star and planet formation. One is that insta-
bilities in the disc provide a mechanism for transporting angular momentum outwards, 
allowing mass to accrete onto the young protostar and hence allowing the star to grow. 
Observations and modeling suggest that typical disc lifetimes are about 5 million years 
(Haisch et al. 2001). The other role that these discs play is that they are also the sites of 
planet formation, and so the lifetime of such discs places certain constraints on the planet 
formation process.

2.3.2 Planet Formation

Although most of the material in the giant molecular clouds is molecular hydrogen and 
helium, 2%—by mass—are elements heavier than hydrogen and helium (often called 
metals by astronomers), and half of this is in the form of micron-sized dust grains. 
Consequently, about 1% of the mass in the disc around young protostars is solid, planet-
building  material. Additionally, the disc temperature decreases with increasing distance 
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from the central protostar. At some distance from the star, the disc becomes cold enough 
for ices (water, ammonia, methane) to form on the solid dust grains. This means that the 
solids in the inner part of the disc are dust grains only, while in the outer part of the disc, 
these are dust grains with substantial ice mantles. The radius beyond which the ices form 
on the dust grains is known as the ice line or snow line. In a disc around a young star that 
will evolve to become like the Sun, it occurs at about 2.7 AU. Since the dust grains beyond 
the snow line are coated in ice mantles, there is actually more solid, planet-building mate-
rial just beyond the snow line than just inside the snow line.

Protoplanetary disks
Orion Nebula

PRC95-45b · ST Scl OPO · November 20, 1995
M. J. McCaughrean (MPIA), C. R. O'Dell (Rice University), NASA

HST · WFPC2

FIGURE 2.5 Hubble Space Telescope images of protoplanetary discs in the Orion star forming 
nebula. The bright spot in the center of each image is the young protostar, and the dark region 
around each protostar is a protoplanetary disc that is blocking the brighter background nebula. 
(Courtesy of M.J. McCaughrean and C.R. O'Dell, STSci, Baltimore, MD.)
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The basic planet formation scenario is that the solids grow via collisions to ultimately 
form kilometer-sized planetesimals. These then coagulate to form planetary mass bodies. 
Due to the enhancement of solids (dust plus ice) beyond the snow line, planetary mass bod-
ies just beyond the snow line grow faster than those inside the snow line. Beyond the snow 
line is where basic planet formation theory would suggest most massive gas/ice giant  planets 
should form (planets similar to Jupiter, Saturn, Uranus, and Neptune). The enhancement 
in the solids beyond the snow line means that the solid/icy cores of gas giant planets can 
form before the gas in the disc disappears (within 5 million years) and can become mas-
sive enough (>10 Earth masses) so as to gravitationally attract a massive,  gaseous envelope 
(Pollack et al. 1996).

Terrestrial (earthlike) planets are thought to form inside the snow line where the disc 
is too warm for ices to form on the solid dust grains. Since terrestrial planets do not have 
substantial gaseous atmospheres, they do not need to form before the gas disc has dissi-
pated, and, indeed, there is evidence that the formation of terrestrial planets can take tens 
of millions of years.

2.4 SOLAR SYSTEM
The solar system comprises all the bodies in our own planetary system. This includes the 
Sun, eight planets, three dwarf planets, asteroids, comets, a region known as the Kuiper 
belt, and a region known as the Oort cloud. The Sun is a fairly typical low-mass star. It is 
currently on the main sequence, which means that its energy comes from the fusion of 
hydrogen to helium in its core.

2.4.1 Planets

The solar system has eight planets, four inner rocky terrestrial planets and four outer gas/
ice giant planets. The four inner planets are Mercury, Venus, Earth, and Mars. The  four 
outer planets are Jupiter, Saturn, Uranus, and Neptune. The properties of the solar system 
planets are consistent with the basic planet formation picture we developed in the previ-
ous section. All of the solar system planets orbit in the same plane and, with the exception 
of Mercury, their orbits are close to being circular. This is consistent with the idea that the 
planets formed in a thin disc around the young Sun. We also find the rocky, terrestrial plan-
ets in the inner regions—where the planet-forming disc would have been too hot for ices to 
form on the dust grains—and the gas/ice giants in the outer regions, where ices would have 
formed on the dust grains, enhancing the amount of planet-forming material and allowing 
these planets to form before the gas disc dissipated.

2.4.2 Asteroids, Comets, and Dwarf Planets

Asteroids and comets are both small bodies that orbit the Sun. They are both thought 
to be remnants of the planet formation process. Asteroids typically orbit in the region 
between Mars and Jupiter, although there are some that orbit within the inner solar sys-
tem and some (called near-earth objects [NEOs]) that pass quite close to the Earth. The 
composition of asteroids can be quite varied, but most are thought to be a loose collection 
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of rocks and metal, typically referred to as a rubble pile. The asteroid belt also contains 
Ceres, one of the three dwarf planets.

Comets originate in the outer parts of the solar system and, consequently, tend to be a 
mixture of ices and other solids, hence the nickname dirty snowballs. They often have very 
eccentric orbits, passing close to the Sun and then disappearing back into the outer parts 
of the solar system. When close to the Sun, the outer layers of the comet melt, producing a 
coma (small atmosphere) that is blown away to form, what can be, an impressive tail.

There are two types of comets, short-period comets and long-period comets. Short-
period comets orbit in the same plane as the planets and tend to have periods of hundreds 
of years. Long-period comets come from all different directions and can have periods of 
thousands or tens of thousands of years. The existence of such comets tells us that there 
must be two reservoirs of bodies in the solar system: a belt of objects, called the Kuiper 
belt, beyond the orbits of the planets and a cloud of material surrounding the solar system, 
called the Oort cloud, and extending out to many thousands of AU.

The Kuiper belt is composed of hundreds or thousands of comet-like bodies that orbit 
beyond Neptune. This region also contains two of the three dwarf planets, Pluto and Eris. 
We have also discovered at least 10 other bodies with masses similar to that of Pluto and 
expect to find many more such bodies in the coming years. We have not definitively found 
any bodies in the Oort cloud, but have observed one object (Sedna) that may be an inner 
Oort cloud object.

2.4.3 Age of the Solar System

The Sun is a typical low-mass star and based on its mass and luminosity, we can estimate its 
lifetime as 10–12 billion years. We can also use radioactive dating to estimate the actual age 
of the solar system. Potassium-40 decays to argon-40 with a half-life of 1.25 billion years. 
When the solar system was formed, argon-40—being gaseous—was not incorporated into 
the solid bodies that formed at that time. Hence, all the argon-40 we find today must be 
from the radioactive decay of potassium-40. After 1.25 billion years, there would have been 
equal amounts of argon-40 and potassium-40. Today, we find that there are 11.5 argon-40 
atoms for every potassium-40 atom, which tells us, remarkably precisely, that the solar sys-
tem is 4.56 billion years old. Given that the Sun has a lifetime of 10–12 billion years, this 
suggests that we are about halfway through the Sun’s life. The Sun, however, will continue 
to get more luminous as it ages, and so the Earth will become hotter and will likely be unin-
habitable in about 1.6 billion years (Franck et al. 2005).

2.5 EXTRASOLAR PLANETS
In a sense, the properties of the solar system are consistent with our basic picture of planet 
formation. Solar system properties have, however, also informed how we expect planet 
formation to proceed. When we first started searching for planets around other stars, 
we expected to find systems similar to our own. We have now, however, detected numer-
ous planets—known as extrasolar planets or exoplanets—around other stars, and what we 
have found has been quite surprising.
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2.5.1 Detecting Exoplanets

One of the obvious ways in which we could detect exoplanets would be to simply look for 
them. This, however, is extremely difficult as stars are very bright compared to planets. In 
the visible, a star like the Sun is a billion times brighter than an earthlike planet. We can, 
however, directly detect massive planets (many Jupiter masses) at large distances from their 
host stars. We now have a couple of examples of such planets. One example is HR8799, 
shown in Figure 2.6, which has three Jupiter-like planets orbiting at distances of 24, 38, 
and 68 AU. Systems like this create a bit of a problem for theories of planet formation as 
these planets lie outside the region where we would expect the standard planet formation 
scenario to work.

To date, we have, however, confirmed the existence of over 1000 exoplanets and have an 
additional 3000 that are planetary candidates. Most of these have been detected via indi-
rect methods. Rather than directly detecting the planet, we detect the planet’s influence on 
its host star (Murray 2012). There are a number of different methods that we will discuss in 
more detail in the following text.

2.5.1.1 Radial Velocity Method
Although we think of the planets in our solar system as orbiting the Sun, in fact, all the 
objects in the solar system orbit the system’s common center of mass. This means that even 
the Sun is technically orbiting within the solar system. The Sun does, however, dominate 
the mass of the solar system, and so the center of mass is very near the Sun and often inside 
it. The same is going to be true for any other planetary system of interest.

d
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FIGURE 2.6 Image, taken with the 10 m Keck telescope, shows three Jupiter-like planets in the 
HR8799 system. The image was taken using a differential imaging technique that minimizes the 
light from the host star, but not from the orbiting planets. These planets, however, orbit at large 
distances (24, 38, and 68 AU) from their host star, and it is still not clear how such planets can form. 
(From Marois, C. et al., Science, 322, 1348, 2008. With permission.)
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The radial velocity, or Doppler wobble, method works by observing stellar spectra. If the 
star is moving, relative to us, the wavelength of the star’s spectral lines will be different to 
what they would be if the star were stationary. This is known as the Doppler effect. We can 
use this shift in wavelength to determine the line-of-sight velocity of the star. If the star has a 
body orbiting it, then there will be periods when the star appears to be moving towards us and 
other times when it is moving away. This is illustrated in Figure 2.7. The spectrum of the star 
tells us what type of star it is and hence its mass, and so we can use this measurement to deter-
mine the mass of the orbiting body, the radius of the orbit, and the eccentricity of the orbit.

There are, however, a number of basic issues with the radial velocity technique. One is 
that it only measures the line-of-sight velocity. This means that the mass estimate is a mini-
mum, because it could be a more massive object on an orbit inclined with respect to our line 
of sight. Fortunately, it is only weakly dependent on inclination and so the error is typically 
going to be small. Another issue is that, for a given planet mass, the star’s radial velocity 
decreases the further the planet is from the star. Therefore, it is easier to detect lower-mass 
planets close to the star than further from the star. The orbital period also increases as the 
orbital separation increases, and so detecting planets further from their host star takes lon-
ger than detecting planets closer to their parent star.

Radial velocity spectrometers today are, however, sufficiently accurate so that they can 
measure the velocity of the star to an accuracy of better than 1 m/s (Cosentino et al. 2012). 
This means it is possible to detect Earth mass planets within a few tenths of an AU of a Sun-
like star, planets with masses a few times that of Earth at a distance of 1 AU, and can easily 
detect a Jupiter analog as long as the observations cover a sufficiently long time interval. 

Host star

Exoplanet

FIGURE 2.7 Illustration of the radial velocity or Doppler wobble method for detecting extrasolar 
planets. The planet and star both orbit the system’s common center of mass. This means that the 
star’s spectral lines are shifted through the Doppler effect. This can then be used to determine 
the line-of-sight (or radial) velocity of the star and hence determine the properties of the orbiting 
planet. (Courtesy of European Southern Observatory [ESO], Garching, Germany.)
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The radial velocity method is the most successful planet-hunting method to date, with 
more than 500 exoplanet detections. This ranges from planets with masses half that of the 
Earth, but with orbital periods of less than a day, to planets with masses more than 10 times 
that of Jupiter orbiting 6 times further from their star than the Earth is from the Sun.

2.5.1.2 Transit Method
Another indirect method for detecting exoplanets works by looking for dips in the bright-
ness of a star that might indicate that a body has passed between us and the host star, 
blocking some of the starlight. This is known as the transit method and is illustrated in 
Figure 2.8, which also shows actual data from the Wide Angle Search for Planets (WASP)-
22 system (Johnson et al. 2009). If a transit repeats, then you can be reasonably confident 
that it is an orbiting body, rather than some transient event. The orbital period can then be 
used to determine orbital distance. The fraction of the starlight blocked can also be used 
to estimate the radius of the orbiting body and, hence, whether or not it might be a planet.

The transit method alone, however, cannot typically be used to establish if the dip is due 
to an orbiting planet. It could be a brown dwarf star, which is a very-low-mass star with a 
radius similar to that of Jupiter-like planets. It could be an unresolved, distant binary star 
system that makes the brightness of the nearby star appears to dip periodically (in  this 
case, even the periodicity would not imply a companion to the nearby star). It could be a 
grazing eclipse of a stellar companion. There are some ways of eliminating very obvious 
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FIGURE 2.8 Illustration of the transit method showing how the measured brightness of a star dips 
as an orbiting planet passes between us and its host star. (Courtesy of John Johnson.)
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false-positives, but even then, transiting systems would typically be followed up, using 
radial velocity spectrometers, to measure the radial velocity of the star and, hence, confirm 
the presence of a planetary companion.

In addition to radial velocity measurements being able to confirm if a transiting system 
is a planet or not, it also gives you a planet mass and hence a planet density. Additionally, 
in these systems, the orbit is almost exactly edge on, and so the mass estimate is accurate, 
rather than being a minimum. Hence, we can characterize these planets much more accu-
rately than a single measurement would allow.

The transit method has become a very powerful method for detecting exoplanets,  second 
only to the radial velocity method in terms of confirmed exoplanets. In addition to the 
almost 400 confirmed exoplanets, there are around 3000 planetary candidates detected by 
the National Aeronautics and Space Administration’s (NASA) Kepler satellite. These have 
not yet been confirmed to be exoplanets but the Kepler data are so exquisite that they are 
possible to eliminate many of the false-positives and, hence, the expectation is that many 
of these will turn out to actually be planets, even if we do not yet know their masses or 
densities.

2.5.1.3 Gravitational Microlensing
Maybe the most interesting of the planet-hunting techniques is the one that uses Einstein’s 
theory of general relativity. A premise of general relativity is that spacetime curves in the 
presence of mass (such as galaxies, stars, and planets). A consequence of this is that light 
is bent when it passes near massive bodies. In some cases, one can even observe distorted 
images of distant galaxies.

What we are interested in, however, is when a distant star in our galaxy passes behind 
a star that is nearer to us. The nearer star acts as a gravitational lens producing multiple 
images of the distant star. However, no telescope today is able to resolve these images and 
so what we observe is an apparent gradual brightening of the nearer star (as it focuses the 
light from the distant star) and then a gradual dimming as the distant star passes out from 
behind the nearer star. This whole process can last about 30–40 days.

If, however, the nearer star has an orbiting planet and if this planet happens to be in 
the right place at the right time, it can also act as an additional gravitational lens and can 
further amplify the signal for a short time (compared to the full duration of the event). This 
signal can then be analyzed to estimate the mass of the planet and its orbital radius. It is 
a powerful method in that it is sensitive to planets with orbital radii between 1 and 10 AU 
and can detect planets with masses similar to that of the Earth.

Figure 2.9 shows the microlensing light curve for one of the first exoplanets discovered 
using this method (Beaulieu et al. 2005). The figure shows the amplification of the light 
from the distant star by the nearer lens star. The x-axis is in Julian days (a dating scheme in 
which day 0 is January 1, 4713 BC), and so the entire event lasts slightly more than 40 days. 
The little blip on the right-hand side of the light curve (and shown blown up in the insert) 
is the signal from the planet orbiting the lens star. Analysis indicates that this is likely a 
5.5 Earth mass planet orbiting at a distance of around 2.6 AU from a star with a mass about 
0.2 times that of the Sun.
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To date, however, we have only detected 24 planets using this method, although 
a robotic telescope network (ROBONET) hopes to detect many more over the coming 
years. This method also suffers from some issues. The process for a particular system 
cannot be repeated, as these chance alignments are extremely rare. Also, the stars being 
observed tend to be quite distant and hence performing any kind of follow-up is virtually 
 impossible. However, since this method can probe parts of the galaxy inaccessible to other 
methods and can probe orbital regions that are difficult for other methods, it is likely to 
play a very important role in expanding our understanding of the general characteristics 
of exoplanets.

2.5.2 Exoplanet Characteristics

Earlier in this chapter, we considered the standard ideas for how planets form and how our 
solar system appears consistent with this basic picture. We find rocky, terrestrial planets 
and rocky remnants (asteroids) in the inner solar system, and we find big gas/ice giants and 
icy remnants (comets) in the outer solar system. The planets all orbit in the same plane and, 
with the exception of Mercury, have orbits that are very nearly circular. All are consistent 
with formation in a disc around the young Sun, which was hot on the inner parts and 
cooler in the outer parts.

We expected exoplanets to have properties similar to what we find in our own solar 
system. What we discovered was quite different. The first confirmed planet around a Sun-
like star was discovered by a team from Geneva using the radial velocity method (Mayor 
and Queloz 1995). It was found to have a mass of 0.47 Jupiter masses, but to have an orbital 
period of only 4.2 days. Hence, this is a gas giant planet (similar to Jupiter and Saturn) that 
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tant star through gravitational microlensing. The small extra amplification on the right-hand side 
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about 5.5 Earth masses and an orbital radius of about 2.5 AU. (From Beaulieu, J.-P. et al., Nature, 
439, 437, 2005. With permission.)
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is orbiting its parent star with an orbital radius smaller than that of Mercury. It is what is 
known as a hot Jupiter and many more have since been discovered.

Figure 2.10 is a plot showing exoplanet masses plotted against an orbital period (for 
reference, 1 Earth mass is 0.003 Jupiter masses). The different colors represent the different 
detection techniques. Green shows those detected via the transit method and illustrates 
how this method typically detects planets that are quite close to their parent star. Red is 
for exoplanets detected via the radial velocity method, which can detect exoplanets with a 
large range of orbital periods and hence a large range of orbital radii. The apparent diago-
nal boundary, however, illustrates that it is more sensitive to low-mass planets close to their 
parent star than further from the parent star. Blue is for exoplanets detected via microlens-
ing and it is clear that this is typically sensitive to those at modest distances from their 
parent star (around a Sun-like star, periods between 1,000 and 10,000 days correspond to 
orbital distances of between 2 and 9 AU) and can detect even quite low-mass planets at 
these distances. The pink dots are for exoplanets detected via direct imaging, all of which 
are massive planets (>Jupiter mass) at large orbital radii.

What is intriguing about the results shown in Figure 2.10 is that we find planets of all 
masses in all regions of parameter space where we have the ability to detect planets. We 
have low-mass (<0.01 Jupiter masses) and high-mass (>10 Jupiter mass) planets, known 
as hot Jupiters, with periods of less than 10 days (corresponding to orbital separations of 
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FIGURE 2.10 Graph showing exoplanet masses plotted against orbital period. The different colors 
represent the different detection techniques. The figure shows that we can find planets of all masses 
in the region where detection is possible. It also shows, surprisingly, the existence of hot Jupiters, 
Jupiter mass planets orbiting closer to their parent stars than Mercury is to the Sun. (From NASA 
Exoplanet Archive. This research has made use of the NASA Exoplanet Archive, which is operated 
by the California Institute of Technology, under contract with the National Aeronautics and Space 
Administration under the Exoplanet Exploration Program. With permission.)
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less than 0.1 AU). There are also planets with similar masses but with periods in excess of 
1000 days. Based on our own solar system, and on theories of planet formation, this is not 
what we would have expected. We would have expected massive gas giant planets in the 
outer parts of these systems (periods in excess of 1000 days) and small terrestrial, rocky 
planets in the inner regions.

We also expected that exoplanets would, typically, have quite circular orbits. As shown 
in Figure 2.11, what we have discovered is very different to what was expected. Many exo-
planets have orbits that are remarkably eccentric (e > 0.9). What Figure 2.11 also shows is 
that as the orbital period decreases, the range of eccentricity also decreases. This is because 
as the planet gets closer to its parent star, it is able to tidally interact with the star that 
causes it to exchange angular momentum with the star, resulting in its orbit becoming 
more circular.

As already mentioned, combining transit observations and radial velocity measure-
ments allows us to determine both the mass and radius of an exoplanet. Figure 2.12 shows a 
plot of the masses and radii of a number of recently detected exoplanets (Zeng and Sasselov 
2013). Also shown are curves of the mass–radius relation for various different possible 
compositions. There are some exoplanets with compositions similar to that of the Earth 
(50% iron–50% MgSiO3), but there are also some that appear to be more than 50% water, 
suggesting the possible existence of water worlds.

Essentially, it is now clear that the properties of the exoplanets discovered to date 
are quite different to what we would have expected only a few years ago and, although 
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FIGURE 2.11 Graph showing exoplanet eccentricity plotted against orbital period. As in Figure 2.10, 
the different colors are for the different detection techniques. Unlike the solar system planets, exo-
planets have a wide range of eccentricities. (From NASA Exoplanet Archive. This research has made 
use of the NASA Exoplanet Archive, which is operated by the California Institute of Technology, 
under contract with the National Aeronautics and Space Administration under the Exoplanet 
Exploration Program. With permission.)
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fascinating, clearly means that understanding possible habitability is much more compli-
cated than maybe we anticipated.

2.5.3 How Do We Explain the Properties of Exoplanetary Systems?

As discussed earlier, the basic properties of the exoplanet systems differ quite substantially 
from what was expected. How do we explain this? One of the main explanations for the 
existence of hot Jupiters was actually done before we had even discovered any exoplanets 
and was an attempt to explain the existence of close stellar companions. Planets form in 
discs and are able to exchange angular momentum with the surrounding disc material. 
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be at least half water. This suggests the possible existence of water worlds. (From Zeng, L. and 
Sasselov, D., Publications of the Astronomical Society of the Pacific, 125, 227, 2013. With permission.)
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As illustrated in Figure 2.13, if a planet gets sufficiently massive, it can open a gap in the 
disc and then, typically, gets pushed towards the central star together with the disc mate-
rial that is slowly flowing inwards. This means that gas giant planets can form in the outer 
parts of discs, beyond the snow line, but can end up much closer to their parent stars.

Explaining the range of eccentricities is a little less certain, and it is possible—although 
generally regarded as unlikely—that migration through the gaseous protostellar disc can 
also drive eccentricity growth. What seems more likely, though, is that dynamical inter-
actions between bodies in multiplanet systems can eject some of the bodies, to produce 
free-floating planets, leaving the remaining planets on orbits that are more eccentric than 
they were initially.

Additionally, it is possible for stellar companions to also influence the orbital properties 
of exoplanets. What is particularly interesting are recent observations showing that some 
close-in exoplanets have inclined orbits, relative to the spin of the central star. Determining 
this is a fantastic illustration of how to combine basic measurements so as to determine 
something quite complex. As mentioned earlier, the radial velocity method involves using 
the Doppler shift of a star’s spectral lines so as to determine the radial velocity of possible 
planetary host star. If the radial velocity shows a sinusoidal-like variation, then one can use 
that to determine the mass, orbital radius, and eccentricity of the companion.

If a planet detected via the radial velocity method also happens to transit the parent 
star, then these two methods can be combined to determine the alignment of the orbital 
plane with respect to the spin of the host star (Triaud et al. 2010). This is known as the 

FIGURE 2.13 Figure, from a computer simulation, showing a planet opening a gap in a protostel-
lar disc. In such a situation, the planet will exchange angular momentum with the surrounding 
disc and migrate in towards the central star, potentially explaining the existence of hot Jupiters. 
(Courtesy of Ken Rice.)
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Rossiter–McLaughlin method and was first developed in the 1920s to analyze binary star 
systems (McLaughlin 1924; Rossiter 1924). As the planet moves in front of the star, it first 
blocks light from one side of the star and then the other. Depending on the orientation of 
the spin of the star, the planet will first block some blue-shifted light and then red-shifted 
(or vice versa). This changes the Doppler shift of the star’s spectral lines and hence appears 
to change the star’s radial velocity. The small kink in the radial velocity curve, seen in 
Figure 2.14, can then be used to determine the inclination of the orbit with respect to the 
spin of the central star. In this case, the planet is orbiting at 140° to what would be expected.

There are now a number of exoplanets with orbits inclined with respect to the central 
star, including one that is almost completely retrograde. It is thought that these systems are 
a result of interactions with a stellar companion that is on a very inclined orbit with respect 
to the initial orbit of the planet (Fabrycky and Tremaine 2007). This stellar companion can 
excite large variations in the orbital properties of the planet, in some cases producing changes 
in orbital inclination and extremely large eccentricities (Kozai 1962). This can result in the 
planet passing very close to its parent star. Tidal interactions between the planet and star can 
then lead to the orbit shrinking and circularizing, and so the planet ends up very close to its 
parent star and on an orbit that is now inclined with respect to its initial orbital plane.

2.6 HABITABLE ZONES
The habitable zone, sometimes referred to as the Goldilocks zone, is the region around a 
star where a planet, with sufficient atmospheric pressure, could support liquid water on 
its surface. There are a number of things that can influence where the habitable zone lies, 
and so different calculations produce slightly different answers. One factor is the planet’s 
albedo, which is how much of the incoming radiation is simply reflected back into space. 
Another is the influence of greenhouse gases in the atmosphere that can act to warm the 
planet. Other more complex factors (carbon cycle, orbital properties) can also influence the 
range of the habitable zone, but typically, around a Sun-like star, we would expect it to be 
between about 0.75 AU and 1.4 AU (Kasting et al. 1993).

2.6.1 Habitable Exoplanets

If we consider Figure 2.10, there are clearly a number of exoplanets that likely fall within 
their star’s habitable zone. Most, however, are gas giants or super-Earths (planets with 
masses between two and eight times that of the Earth). If we ignore all those that are clearly 
gas/ice giants, there are only a few that are orbiting stars similar to our own Sun. Possibly 
the most interesting at the moment is Kepler-22b, which has a radius 2.4 times that of the 
Earth but does not yet have an accurate mass estimate (Borucki et al. 2012). With a radius 
2.4 times that of the Earth, Kepler-22b is either quite massive (>10 Earth masses) or a planet 
with a liquid or gaseous outer shell. This means that even if it is in its star’s habitable zone, 
it is likely not an Earth analog. That, however, does not mean that it cannot harbor life.

One possibility is that a massive planet in the habitable zone of its parent star could have 
an orbiting satellite (moon) that could be habitable (Forgan and Kipping 2013). To retain 
an atmosphere, such a moon would need a mass similar to that of the Earth. The most mas-
sive planetary satellite in our own solar system is Jupiter’s moon, Ganymede, which has a 
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mass of 0.025 Earth masses. Hence, we do not even know if sufficiently massive satellites 
can actually exist. It is, actually, possible to search for such exomoons (Kipping et al. 2013). 
As the planet and satellite orbit their common center of mass, the timing of the transits of 
the planet in front of the star changes very slightly. Light curves from satellite measure-
ments, such as from NASA’s Kepler satellite, have sufficient precision to detect such small 
timing variations. To date, however, no massive (>0.5 Earth masses) exomoons have been 
detected (Kipping et al. 2013).

2.6.1.1 Habitability around Cool Stars
Although there are only a few super-Earths in the habitable zones of Sun-like stars, there 
are about 10 known super-Earths in the habitable zones of stars cooler than the Sun. These 
stars are known as K-dwarfs and M-dwarfs and have masses less than 90% that of the Sun 
and surface temperatures below 5200 K. The habitable zone around such stars is closer 
than around a star like the Sun. Additionally, the star has a lower mass than the Sun and 
so the influence of the planet on the star is greater than for a similar planet in the habitable 
zone of a Sun-like star. Hence, it is easier to find planets in the habitable zones of K-dwarfs 
and M-dwarfs than around stars like the Sun.

Although it is easier to find low-mass planets in the habitable zones of K- and M-dwarfs 
than around stars like the Sun, it is not immediately clear that habitability is possible in 
such systems. The stars are cooler than the Sun and so emit most of their radiation at  longer 
wavelengths than the Sun. This would probably require that processes such as photosyn-
thesis would operate differently on such planets than on planets orbiting Sun-like stars. 
One suggestion (Wolstencroft and Raven 2002) is that around cooler stars, photosynthesis 
might operate via a three or four-photon mechanism, unlike the two-photon mechanism 
that operates on Earth.

An additional issue with habitability on planets orbiting cooler stars is that the habitable 
zone is close enough to the star that the planet becomes tidally locked. It is this process that 
has caused the same side of the Moon to always face the Earth, and so planets in the habit-
able zone of stars with masses less than that of the Sun are also likely to always have one side 
facing the star. This can make the atmospheres of these planets very unstable (Joshi et al. 
1997) and can induce rapid climate shifts that could make the planet uninhabitable (Kite 
et al. 2011).

Figure 2.15 (Kasting et al. 2014) illustrates how the habitable zone changes with stellar 
type. For stars cooler than the Sun, it is closer to its parent star and narrower than it would 
be around a Sun-like star. Around stars with masses less than 90% the mass of the Sun, it 
also falls inside the tidal lock radius, meaning that one side of the planet will always face 
its parent star. Figure 2.15 also shows the positions of the known super-Earth exoplanets 
that fall inside their host stars’ habitable zone and shows the positions of the planets in our 
own solar system.

2.6.2 Possible Exotic Systems

Another recent surprise has been the discovery of circumbinary planetary systems 
(Doyle et al. 2011). These are planetary systems in which the planet orbits both stars in a 
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binary system. Although we had detected a number of planets orbiting one of the stars in 
a binary system, it had been assumed that the influence of both stars would make planet 
formation in circumbinary discs very difficult. That we now know of a number of such 
planets does mean that it must indeed be possible. It is also possible to determine the 
potential habitable zone in such systems (Forgan 2014), and in one case—Kepler-47c—the 
planet is in the system’s habitable zone. Kepler-47c is, however, a Neptune-sized planet and 
is, hence, unlikely to be habitable. As mentioned earlier, however, exomoons around such 
a planet, if sufficiently massive, could potentially support life.

2.7 SOME FINAL COMMENTS
It is now clear that the properties of exoplanetary systems can be very different to what we 
would expect based on observations of our own solar system. There have been  suggestions 
(Beer et al. 2004) that the solar system may be very rare. Figure 2.10, however, shows that 
although we have not yet detected an Earth mass exoplanet with an orbital radius of 1 AU 
around a Sun-like star, we have detected planets with masses similar to the Earth, but 
closer to their parent stars than the Earth is to the Sun, and we have detected planets with 
masses similar to the Earth, which are further from their parent star than the Earth is to 
the Sun. We have also detected Jupiter-like planets at similar distances to their parent stars 
as Jupiter is to the Sun. So, although we have not actually detected a true Earth analog or 
another system like the solar system, it seems likely that they must exist.
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So, although we may not yet know how common systems like the solar system actually 
are, we are starting to detect systems that at least have similar properties. For example, 
we are aware of multiple-planet systems, such as Kepler-11 (Lissauer et al. 2011), where 
the planets all lie in the same plane and have orbits that are all close to being circular. 
So, although there are hints that we might be close to finding a solar system analog, we 
have yet to actually find one.

We also do not know, with respect to habitability at least, how important our solar  system 
properties are. Does habitability require a Sun-like host star? We know that it cannot be 
a very massive star because their lives are too short, but stars less massive than the Sun 
have very long lives. However, they also emit most of their radiation in the infrared that 
may have  implications for how processes like photosynthesis can operate. Does a habit-
able planet need a moon similar to our own? The moon acts to stabilize our rotation axis. 
Without the moon, the gravitational influence of the Sun and the other planets would have 
caused the Earth’s rotation axis to change quite substantially on relatively short timescales 
(millions of years). Do we need a massive planet orbiting at a larger radius than the Earth? 
There is evidence, from craters on the Moon, that the solar system underwent a period of 
very heavy bombardment when only a few hundred million years old. It is therefore  possible 
that Jupiter played a role in quickly clearing the inner system of dangerous  asteroid-like 
bodies (Greaves 2006).

It does seem that the properties of our own solar system are almost ideally suited for 
our existence, but we do not know if this is coincidental or if it tells us something about 
what is needed for the existence of complex life. It does, at least, give us some idea of where 
we might consider searching for life. Currently, we probably do not quite have the ability 
to detect a true Earth analog, but the next few years will almost certainly see a signifi-
cant increase in the number of known, potentially habitable exoplanets around stars less 
 massive than the Sun. By the 2020s, we should be aware of the existence of true Earth 
 analogs and can then start on the work of determining if such planets are actually habited, 
rather than only potentially habitable.

GLOSSARY
Astronomical unit (AU): The average distance from the Sun to the Earth.
Baryonic matter: Matter that is composed of protons and neutrons.
Big Bang: A term referring to the standard view of how the universe formed.
Coma: The atmosphere of a comet that is blown off to form the comet’s tail.
CSIRO: Commonwealth Scientific and Industrial Research Organisation.
Deuterium: A form of hydrogen that has one proton and one neutron in its nucleus.
Eccentricity: The ellipticity of a planet’s orbit.
Electron: An elementary particle with a negative charge. In atoms, it orbits the nucleus.
ESA: European Space Agency.
Exomoon: A moon (satellite) in orbit around an exoplanet.
Extrasolar planet (or exoplanet): A planet orbiting a star other than the Sun.
Fusion: A nuclear reaction in which low-mass elements combine to form a more massive 

element and which also releases energy.
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Galaxy: Large collections of stars, gas, and dust. The solar system is in the Milky Way galaxy.
Giant molecular clouds: Dense regions of the interstellar medium where stars form.
Helium: An element with a nucleus containing two protons and two neutrons.
High-mass stars: Stars with masses greater than eight times that of the Sun.
Hydrogen: An element with a nucleus containing one proton.
Intermediate-mass stars: Stars with masses between two and eight times that of the Sun.
Interstellar medium: The material found in regions between the stars in a galaxy.
Julian day: A dating scheme in which day 0 is January 1, 4713 BC.
Lithium: An element with three protons and four neutrons formed via the Big Bang 

nucleosynthesis.
Low-mass stars: Stars with masses less than twice that of the Sun.
NASA: National Aeronautics and Space Administration.
Nebula: Originally any diffuse luminous object but, now, typically refers to clouds of gas 

and dust.
Neutrino: A very-low-mass, chargeless elementary particle.
Neutron: A chargeless nuclear particle with a mass similar to, but slightly smaller than, 

that of a proton.
Neutron star: The remnant core of a high-mass star that is composed entirely of neutrons.
Nuclear fusion: A process, associated with nucleosynthesis, in which low-mass elements 

combine to form a new, more massive, element.
Nucleosynthesis: Refers to the process in which elements combine to form a new element.
Nucleus: The central part of an atom containing protons and neutrons.
Proton: A nuclear particle with a positive charge.
Retrograde: Moving in the opposite direction to what would be expected.
Semimajor axis: The average orbital distance of a planet from its parent star.
Solar: Refers to the Sun.
Stellar: Refers to stars.
White dwarf: The remnant core of low-mass and intermediate-mass stars that is typically 

composed of carbon.

REVIEW QUESTIONS

 1.  What aspects of the Big Bang theory for the formation of the universe are relevant for 
the existence of life?

 2. Explain how nucleosynthesis releases energy and hence powers stars.

 3. Why do discs form around young protostars?

 4. What is the snow line and how does it influence the formation of planets?

 5. Explain the relevance of both low-mass and high-mass stars to the existence of life.

 6. How can we use the Doppler effect to detect exoplanets?

 7. What characteristics of exoplanets are quite different to what we might have expected?
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 8 What is the habitable zone?

 9.  Why would life on planets around very-low-mass stars (mass less than that of the Sun) 
probably be different to life on planets around Sun-like stars?

10.  Discuss whether or not we might expect other habitable planetary systems to be similar 
to our own solar system.
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C h a p t e r  3

Astrobiology Education 
and Public Outreach

Timothy F. Slater

3.1 INTRODUCTION
Over the centuries, the scientist’s job description has changed significantly. In far earlier 
times, astrologers carefully monitored the predictable motion of the stars to advise clients 
about favorable times to wage war, plant crops, and engage in ceremony. Healers collected 
and administered specific herbs to restore health and fight off sickness. Alchemists mixed 
magical ores from the ground to create metals for machines and weapons. In more recent 
eras, astronomers now devise the structure of the universe by dissecting the faint light 
from distant objects, biochemists track the rapid evolution of living organisms by captur-
ing their DNA, and geological engineers remotely search deep underground to recover 
fossil fuels that power our airplanes, computers, and home air-conditioning systems. Yet, 
unchanging across time is that all of these individuals are required to share what they have 
learned in order to bring their discoveries to profitable financial markets and to teach the 
next generation of scientists their trade to continue on the quest to understand the work-
ings of the universe.
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Astrobiologists, too, hold a deep responsibility to successfully and honestly share their 
science with other scientists (for peer review), with the younger generation (to keep the sci-
ence career training pipeline full), and with the general public (to keep granted financial 
support through taxation flowing). Sometimes, this responsibility comes from an exter-
nally imposed requirement from scientists’ funding entities to teach others about discover-
ies and methods of astrobiology: other times, this responsibility to teach seems to emerge 
unprompted from within an individual’s intrinsic motivations. Regardless of the source of 
motivation, sharing astrobiology through education and public outreach (E/PO) is a neces-
sary component of any successful scientific enterprise, just as are requirements for intellec-
tual integrity in ethically reporting research methods and results as well as an unwavering 
commitment to avoiding unnecessary harm to humans. In other words, you might be sur-
prised to know that successful E/PO efforts are just as important to doing science as any 
other aspect of science.

When most scientists think about education, they immediately think about their own 
schooling experiences. All scientists have gone to school—successfully—and this leads sci-
entists to mistakenly think that they fully understand education already. Education, as it 
turns out, is a surprisingly complex entity all on its own. Just like there are interdisciplin-
ary astrobiologists that specialize in microbial life and other interdisciplinary astrobiolo-
gists that specialize in comparative planetology, there are interdisciplinary astrobiologists 
who specialize in the scholarly pursuit of E/PO.

As a matter of analogy, consider that the most often failing small business started in the 
United States is restaurant ownership. This type of new business endeavor frequently fails 
because people mistakenly, albeit understandingly, think that because they have enjoyed 
eating at a variety of restaurants that they must have the knowledge necessary to open and 
successfully run a restaurant of their own design. The problem here is that simply because 
one has been to a restaurant, that does not mean that they know how to design or operate 
a restaurant.

In much the same way, when one observes a musical conductor wave their arms in front 
of a symphony orchestra, it seems plausible to assume that almost anyone could simply 
wave their arms in a similar way and just as effectively lead an orchestra or symphony. In 
truth, the job of a highly successful musical conductor sometimes deceptively looks easy to 
the outside world, but is, of course, far more complicated. This notion of assuming a task 
is easy because it looks easy when it really is quite complicated is a replicable phenomenon 
known as a mistaken apprenticeship of observation and occurs frequently in the realm of 
E/PO. Astrobiologists too are subject to this, all too often naturally assuming that they are 
already fully prepared to conduct E/PO simply because they have been a student of science 
for many years in the pursuit of becoming an astrobiologist. In this chapter, we take the 
first steps toward improving your understanding of E/PO in astrobiology.

3.2 SCIENCE EDUCATION AND PUBLIC OUTREACH LANDSCAPE
E/PO encompasses a surprisingly wide range of activities under the broader category 
of scientific communication. The most narrow view of E/PO is that of an astrobiologist 
giving talks during grade school classroom visits or teaching classes in astrobiology at a 
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college or university. Fortunately, there is a much larger spectrum of ways astrobiologists 
can impact E/PO. To help make sense of this wide range of E/PO, we use four broad, but 
somewhat overlapping, categories of effort, based largely on the specific audience targeted.

3.2.1 Formal Education Settings

The most often targeted category of E/PO is known as formal education (see Table 3.1). 
Formal education is that learning that occurs in traditional school environments. This 
includes teaching in elementary, middle, and high school classrooms. It also includes teach-
ing in formal courses in college and university lecture halls. Less often, but still important, 
the formal education category includes supervised research experiences for undergraduate 
or graduate students.

Within this category, astrobiologists frequently contribute to the E/PO enterprise by 
speaking to students during classroom visits. Although this is usually the first thing astro-
biologists imagine when they consider engaging in E/PO, it turns out that this is the most 
time consuming and least effective E/PO effort. Considerable travel and preparation time, 
logistics coordination, and overall effort go into making a classroom visit, which rarely 
lasts more than 1 h. It is not that classroom visits are not fun for astrobiologists or the 
students they are talking to; rather, the lack of effectiveness stems from the fact that most 
classroom visits occur in complete isolation from the regular classroom curriculum and 
as a result fails to be integrated into the larger portfolio of a student’s experience. The end 
result is that although everyone usually has a good time, its lasting impacts are at best neg-
ligible. More worrisome, many students hold tacit stereotypes that scientists can only be 
Caucasian males, and classroom visits, at their worst, can unintentionally confirm some 
students’ negative stereotypes of who can become a scientist and remove themselves from 
the science career pipeline.

A more productive role for astrobiologists in formal education settings can be to assist 
professional educators in the development of high-quality and scientifically accurate cur-
riculum materials. Again, astrobiologists can unintentionally fall subject to the afore-
mentioned mistaken apprenticeship of observation, and most can best help professional 
curriculum developers by providing access to scientific databases and interpretation of 
recent discoveries.

Even the most well-meaning astrobiologists sometimes find it incredibly difficult to gain 
entry into schools to give lectures or to help create classroom curriculum materials. This is 
because most K-12 school teachers and schools feel tremendous pressure from national leg-
islation that was not in place when most astrobiologists themselves were in school. For the 

TABLE 3.1 E/PO Categories

Formal Education Informal Education Public Outreach

Participants are required to 
attend.

Participants choose to attend. Information is delivered to participants 
wherever they currently are.

Fewest numbers impacted. ←--------→ Greatest numbers impacted.
Interactions are longest in 
duration.

←--------→ Interactions are shorter in duration.
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past 200 years, schools in the United States have been coordinated, directed, and run by 
local school boards with only some state-level controls and essentially no national-level 
federal controls. In the past decade, this has changed dramatically with unprecedented 
federal-level legislation known as No Child Left Behind (NCLB). NCLB requires that all 
schools demonstrate improvement in student achievement each and every year through 
standardized testing and that every student is required to be taught by a highly quali-
fied teacher. These are important goals that nearly everyone would agree are important 
in principle but have far-reaching implications when put into practice. For the amateur 
astronomer, the most important aspect of NCLB is to recognize that today’s students are 
tested, tested, and tested and that these test scores really do matter. As such, teachers and 
schools feel considerable pressure to focus on helping students increase their achievement 
test scores above all else—even if that else includes unique opportunities to learn about 
astronomy and technology. In other words, teachers are pressured to teach what material is 
covered by the mandated achievement tests. The enthusiastic astrobiologist needs to deter-
mine the extent to which students learning about astrobiology will help improve achieve-
ment test scores before delving too far into a particular school’s environment because this 
varies considerably school to school and state to state.

Perhaps the most helpful astrobiologists can be for informal classroom education set-
tings is to serve as advocates for the importance and value of high-quality science educa-
tion, rather than making classroom visits. A sizeable portion of school parents believe the 
concepts of biological evolution, human-induced global climate change, and cosmological 
big bang evolution to be in conflict with spiritual beliefs, and schools are constantly under 
pressure to remove these concepts from their teaching goals. Astrobiologists are perhaps 
the best positioned of all scientists to be of great assistance to schools in keeping these criti-
cally important scientific concepts as an integral part of school curriculum (see Table 3.1).

3.2.2 Informal Education Settings

A second category of E/PO is the realm of informal education (see Table 3.1). Informal 
education is generally considered to be the domain of museums, planetariums (the tech-
nically correct, but awkward, plural of planetarium is planetaria), nature centers, visitor 
centers, and comprehensive science centers. These informal education facilities and/or pro-
grams vary considerably from one to another in how many people they serve as well as how 
broad their subject areas are. As a few examples, New York’s American Museum of Natural 
History covers nearly all of the science disciplines, whereas Chicago’s Adler Museum or 
the Smithsonian Air and Space Museum focuses on the much narrower domain of explor-
ing the universe of topics beyond Earth’s atmosphere. For astrobiologists, these informal 
education venues can serve as important rallying points to serve as a meeting facility or 
source of advertising mailing lists for public lectures. In fact, astrobiologists can volunteer 
to play a critical functional role for museums working as docents, or volunteer tour guides, 
to enhance the experience of visitors.

What most easily distinguishes informal education from the previously described formal 
education is that informal education relies heavily on the concept of free-choice learning. 
Free-choice learning was widely popularized by John Falk, who wrote a book of the same 
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title (Falk and Dierking 2002). Free-choice learning is the type of learning guided by an 
individual’s needs and interests and is an essential component of lifelong learning. Indeed, 
it is likely that free-choice learning is the most common type of learning that people engage 
in. This sort of individually motivated learning is so common that most astrobiologists often 
simply taken for granted. Because people have control over what and how they learn, and 
because they can choose to learn in appropriate and supportive contexts, free-choice learning 
can be highly efficient and the ideas acquired this way can be highly durable and memorable.

What is important for astrobiologists to know about the ubiquitous dominance of free-
choice learning in museums is that informal educators work diligently to create highly 
flexible learning environments where participants can devote either only a few seconds or 
up to tens of minutes for exploring a scientific concept. Astrobiologists working in muse-
ums sometimes find this to be rather disconcerting and somewhat difficult to adapt to if 
they are used to, and expect, people to stand around their telescope for several minutes 
politely listening to a mini lecture. Sometimes, people walking in and out when you are 
in midsentence takes some real getting used to, but, when mastered, informal education 
learning environments often make a fantastic environment to hook people into attending 
other astrobiology learning events.

3.2.3 Astrobiology Public Outreach

As a final category of E/PO, let us briefly consider the domain of public outreach (see 
Table 3.1). Public outreach is an activity where scientific information is delivered to the 
public in situ—that is, people’s private homes through cable TV, in their cars over the radio, 
and in their doctor’s waiting rooms through magazine subscriptions. In other words, this is 
where astrobiologists reach out to the public rather than asking learners to come to them.

Public outreach is typically delivered in relatively short bursts to incredibly large audi-
ences in one-size-fits-all approach, with little or no direct interaction with the receiver. In 
this sense, public outreach delivered via video can take the form of 40–60 min video docu-
mentaries and IMAX films, such as those found on the Discovery Channel and the Science 
Channel. It can also be found on the radio in the form of 2 min audio shorts, such as those 
known as McDonald Observatory’s StarDate or Earth and Sky. Of course, newspapers, 
news magazines, and astronomy-specific magazines share the excitement of astronomy on 
a regular basis. Even the quickly growing and evolving Internet participates in public out-
reach too, particularly in the form of websites such as Space.com and UniverseToday.com 
or through Internet-delivered podcasts. All of these examples, and many others, can be 
most easily found by conducting an Internet-based search using a common search engine, 
an example of which is Google.com. In the end, public outreach is generally considered to 
use a strategic E/PO approach of “take it to the people,” whereas the approach of informal 
education relies on a “build it and they will come” strategy.

3.3 MOST IMPORTANT IDEAS ASTROBIOLOGY E/PO CAN SHARE
Providing learners with an academic, comprehensive, and technical definition of astrobi-
ology is a guaranteed way to keep potentially interested learners at arm’s length. Instead, 
framing astrobiology in such a way that audiences can connect with the science is the 
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ultimate goal of astrobiology E/PO. One framework for defining astrobiology for the pub-
lic is defining astrobiology as the study of the origin, evolution, distribution, and destiny 
of life in the universe.

There are an overwhelming number of scientific concepts described in this book, 
ranging from microbiology through evolution of planets. Even going beyond the scope 
of this book, ideas from sociology and philosophy are fundamentally important com-
ponents of the astrobiology enterprise. Given such a wide variety of topics one could 
use in beginning an E/PO plan, we propose three here as departure points. These are 
as follows: (1) the search for life elsewhere in the universe is equivalent to the search for 
water; (2) microscopic bacteria are the most common form of the life on Earth and are 
what are most likely living out there; and (3) recent research results suggest that many of 
the components of the Drake equation’s predictions for the frequency of intelligent life 
in the galaxy are much larger than earlier imagined, making extraterrestrial life even 
more likely.

3.3.1 Search for Water

It bears repeating what most people already know—unique among all known planets and 
moons discovered so far, Earth’s surface is mostly covered by liquid water. In much the 
same way, most people readily understand that water is an essential ingredient for the exis-
tence of life. However, at the same time, what is perhaps quite surprising to many people is 
that other objects in our solar system have surprisingly large amounts of water.

If one were to collect up all of Earth’s water, it would be a ball about 860 mi in diam-
eter. If you were to burst this imaginary ball of water, the resulting flow would cover the 
contiguous United States (lower 48 states) to a depth of about 107 mi. This is similar in 
total to how much water is suspected to be hiding on Mars and Saturn’s moon Enceladus 
and far less water than exists beneath the surfaces of Jupiter’s moon Europa or Saturn’s 
moon Titan.

Astrobiologists are exceptionally well positioned to help learners understand the unique 
properties of water that make it such a critical part of life, and why looking for life beyond 
Earth is nearly equivalent to looking for water beyond Earth. Water has all sorts of fasci-
nating properties. One is that when water gets cold enough to freeze, it expands in size. 
Perhaps, this has unexpectedly happened to you before when you put a plastic bottle of 
water in the freezer. This is a unique property, because most other substances get smaller 
and take up less space when they get colder. This is important for fish living in lakes that 
freeze in the winter, because ice takes up more space than the same amount of water. Ice 
also floats to the top of a lake, rather than sinking to the bottom, leaving space for fish to 
swim all winter long. This also impacts the landscape because when water seeps into rocks 
and expands upon freezing, it breaks rocks apart.

Another important property of water is its great capacity for holding energy without 
changing temperature. You might already know that swimming pools and lakes are quite 
slow to heat up in the summer and equally slow to cool down in the autumn seasons. 
Water’s great resistance to changing temperature compared to other substances makes it 
a stable substance that life can depend upon even when short-term weather changes the 
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temperature quickly and dramatically. This same ability to hold tremendous amounts of 
energy allows water vapor to move energy around our planet quickly wherever the wind 
takes it.

Finally, different sides of an individual water molecule itself have different characteris-
tics, giving water additional unique properties you might not expect. One is that water mol-
ecules tend to cling to each other making it flow from one place to another in continuous 
streams while sticking together. This property accounts for water collecting together and 
falling from the sky in the form of semiround drops. Water also tends to stubbornly stick to 
other surfaces. This same property allows it to spread out evenly across a surface, like a lake, 
or even within a substance, like inside a rock. Another property, compared to other liquids, 
is that water has a wide ability to break apart and dissolve a large variety of substances, 
including common substances such as salt, sugar, and ammonia. When mixed with acid, 
such as pollution-forming acid rain, water can even dissolve solid rock, like marble and 
limestone. As far as we know, life cannot exist without water. It is these unique properties 
taken together that make water a highly useful substance for life to thrive on our planet.

3.3.2 Bacteria Are Alive

A second important notion the astrobiology E/PO can focus on is the nature of life. It 
is mostly unknown to learners that microscopic bacteria constitute the most common 
form of the life on Earth today. Moreover, as modern humans have a history of about 
100,000 years on Earth, bacteria have been on Earth much longer, perhaps as long as about 
4 billion years. What this means is that over Earth’s 4.5-billion-year history, if an alien 
spacecraft visited at a random time since the formation of Earth, it is highly likely that the 
visitor would have only found bacteria living here. This has tremendous implications for 
the search for life elsewhere in the solar system. If Earth is typical of planets, this means 
that most planets we explore and find to have life will have bacteria rather than farmers, 
musicians, and politicians living there.

The challenge here for astrobiology E/PO is twofold. The first is successfully explaining 
to the learner that much of searching for extraterrestrial life is about looking for strange-
looking bacteria, rather than looking for the somewhat more familiar humanoid-looking 
creatures often portrayed in science fiction movies. The second, perhaps more challenging, 
is convincing the learner that bacteria themselves are a critically important part of life in 
the first place and that finding bacteria elsewhere in the universe is a huge triumph of a 
successful astrobiology research program.

3.3.3 How Long Do Civilizations Exist?

Whereas the framework of a professional scientist’s view of astrobiology looks mostly like 
the table of contents of this book, the target audience member for astrobiology E/PO uses 
a dramatically different framework. The astrobiology E/PO magic hook to capture a lis-
tener’s attention is the search for intelligent life. Only after these audience questions are 
acknowledged can astrobiology E/PO cover more academic ground.

Probably, the only mathematical equation an expert astrobiology E/PO presenter would 
use would be the Drake equation. When used delicately, the Drake equation can help 
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provide an organizing framework to present some of the major ideas in astrobiology while, 
at the same time, address the public’s questions about the search for intelligent life. The 
wise astrobiology E/PO specialist recognizes that the general public is easily discouraged 
when looking at mathematical equations and will slowly consider each characteristic, one 
at a time:

 Drake equation: N = R* fpnef lfifcL

where
N is the number of technologically advanced civilizations in the galaxy whose messages 

we might be able to detect
R* is the rate at which solar-type stars form in the galaxy
fp is the fraction of stars that have planets
ne is the number of planets per solar system that are earthlike (i.e., suitable for life)
f l is the fraction of those earthlike planets on which life actually arises
fi is the fraction of those life-forms that evolve into intelligent species
fc is the fraction of those species that develop adequate technology and then choose to 

send messages out into space
L is the lifetime of a technologically advanced civilization

A wide range of values has been proposed for the many terms in the Drake equation, 
and these various guesses produce vastly different estimates of N. Some astrobiologists 
argue that there is exactly one advanced civilization in the galaxy and that we are it. Others 
speculate that there may be hundreds or thousands of planets inhabited by intelligent crea-
tures, and extraterrestrial communication is just too difficult or too expensive in which 
to participate. At this point, we just do not know whether our galaxy is devoid of other 
intelligence, teeming with civilizations, or something in between—and this unknown is a 
captivating hook to engage audiences in astrobiology.

3.4 DIFFICULT ASTROBIOLOGY CONCEPTS
The astrobiology E/PO expert knows that some ideas are easy for learners to grasp, whereas 
others are more complicated. The most challenging of these have been identified as (1) the 
nature of life, (2) conceptions of temperature, and (3) the nature of stars.

Seminal work in astronomy and astrobiology education research by Offerdahl and her 
colleagues (2002) established the baseline for astrobiology E/PO. She found that the major-
ity of students she studied, ranging in age from 12 to 22 years of age, correctly identified 
that liquid water is necessary for life and that life-forms can exist without sunlight. At the 
same time, most of these same students incorrectly stated that life cannot survive without 
oxygen. Furthermore, when students were asked to reason about life in extreme environ-
ments, they most often cited complex organisms—such as plants, animals, and humans—
rather than microorganisms. This is summarized in Table 3.2.

It is generally known that people are often surprised to learn that our Sun is a star, 
only being larger because it is much closer. Astronomy education research on students’ 
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understanding of the nature of stars by Bailey and her colleagues (2009) reports when giving 
college students open, student-supplied response questions about the nature of stars, nearly 
80% of students responded that a star is made of gas or a gas/dust combination. Nearly half 
of all student responses included the phrase ball of gas to describe a star and that stars shine 
because they are burning. Less than half think of stars as forming a gravitational collapse of 
gas and dust to form a shining star, and only 16% even mentioned gravity as a mechanism.

Taken together, E/PO experts now recognize that there are many things that trained 
astrobiologists know that college-educated adults do not know. The imminent danger here 
is that if an astrobiologist makes faulty assumptions about their audiences’ basic scien-
tific literacy, then they will be unable to successfully communicate their ideas (Offerdahl 
et al. 2004, 2005). It is because of these existing misunderstandings about basic scientific 
principles that traditional lecture modes of teaching fail (Slater 2006, 2008). This requires 
successful astrobiology E/PO to use more contemporary teaching methods if they are to 
be successful.

3.5 MODERN ASTROBIOLOGY TEACHING METHODS
Quite different from the days gone by of when the average-aged astrobiologist was a stu-
dent in school, the nature of what modern classroom instruction looks like has changed 
dramatically. Certainly more so in some schools and less so in others, in general, mod-
ern educators and public outreach specialists in the twenty-first century do not often 
lecture for hours on end and ask students to take copious notes for memorization. 
Instead, there exists a somewhat different perspective of how best to help students learn. 

TABLE 3.2 Findings by Offerdahl and Colleagues (2002) on Astronomy and Astrobiology 
Education Research

Can life exist in places that never receive sunlight? Citing animals that live in caves, 65% of students 
believe life can exist without sunlight.

Would you agree that for a life-form to exist, liquid 
water must be present in the local environment in 
at least small amounts or for short time periods?

75% of students believe that liquid water is necessary.

Can any forms of life exist in environments with 
temperatures much less than 0°C (32°F)?

Citing penguins and polar bears, 80% of middle school 
students and 90% of high school and college students 
responded that life can exist in this temperature 
range.

Can any forms of life exist in environments with 
temperatures much greater than 100°C (212°F)?

74% of middle school students, 54% of high school, 
and 42% of the college students responded that life 
cannot exist in this temperature range, while others 
disagreed and stated that life in deserts can flourish 
even at high temperatures.

Are there any environments on Earth that would 
not allow any form of life to exist?

• 72% of middle school students, 54% of high school 
students, and 51% of college students listed 
volcanoes.

• Approximately 20% of students listed environments 
where no water exists.

• 16% of middle school students, 25% of high school 
students, and 21% of college students described 
environments with no air or no oxygen.
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Astrobiology E/PO professionals who wish to be successful in schools need to under-
stand this perspective and utilize it if they hope to be invited back for a return visit.

Contemporary E/PO is based upon a philosophical foundation known as constructivism. 
In a broad sense, classroom instruction built upon a constructivist viewpoint leans heavily 
on the idea that students already think that they know a considerable amount about how 
the world works—they believe they understand why the Moon appears to change shape 
over the month (the Earth’s shadow blocks the Sun’s illuminating light), why it is hotter 
in the summer time than the winter time (the Earth’s closer to the Sun in the summer), 
and that gravity is caused by a planet’s atmosphere (the Moon has no atmosphere, there-
fore cannot have any gravity), just to name a few of the most tenacious misconceptions. 
In other words, the teaching perspective is one that could be paraphrased as, “determine 
what each student knows and teach them accordingly.” This is in direct contrast to the 
more traditional viewpoint of days gone by that students do not really know anything, they 
are  essentially blank slates with which knowledge is to be precisely written, and it is the 
teacher’s responsibility to clearly explain everything to them so they will then know the 
things we most want them to know.

This has important ramifications for the astrobiology E/PO provider in teaching in 
today’s classrooms if they want to be effective. In days gone by, when a guest scientist 
came to visit a classroom, the students would most often respectfully listen to the speaker, 
no matter what was being said or how it was being said. However, students of today fully 
expect, if not demand, to understand why what they are being told has value to them in 
order for students to stay tuned-in to the presentation. The most important aspect of con-
temporary classroom-based instruction is that it is critical for scientists visiting the class-
room to directly and intentionally ask students what they think about an idea and what 
preexisting knowledge they bring to the class about the topic before teaching or else stu-
dents will quickly become bored and lose their attentions after the visitor’s novelty has 
worn off. The key piece here for the effective astrobiology E/PO specialist teaching in a 
school is to ask students a lot of questions and give only few answers. This is summarized 
in Table 3.3.

TABLE 3.3 Suggested Astrobiology E/PO Toolkit

Astrobiology E/PO Toolkit to Actively Engage Students in Learning

• Ask students questions (not all questions are equal)
• Use demonstrations (interactive lecture demos)
• Surprise quizzes (graded/ungraded)
• In-class writing (with/without discussion)

• Muddiest point
• Summary of today’s main points
• 5 min free writing

• Think–pair–share (peer instruction–concept tests)
• Small group tasks (closed/open; in/out of class)
• Student debates (individual/group)
• Student presentations (oral, poster, role play)
• Jigsawing
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As a matter of example, consider that when giving public talks on astrobiology and 
searching for extraterrestrial life, a frequently posed end of lecture question is, “Why are 
we looking for bacteria instead of for living things?” One approach to answering this ques-
tion is to reflect the question back on the audience about what it means to be alive. An 
organism that is alive takes and recycles energy from their environment, altering their 
environment by their being there and reproducing—bacteria meet this definition. Another 
reason people ask is because they are concerned that NASA might not be wise by spending 
scarce tax dollars on looking for lesser forms of life, and describing why this is important 
is a critical aspect of successful astrobiology E/PO.

A more modern approach would be to start an E/PO event, perhaps a public lecture or 
a school visit, by specifically targeting this idea from the very beginning. Suppose instead 
of starting out by lecturing, one were to pose to listeners at the very beginning to “imagine 
they were an astronaut being sent to a newly discovered planet where life existed—and to 
creatively sketch what creatures they might find there and to provide three important facts 
about these new life-forms.” You might imagine what your audience would sketch at the 
outset—nearly 100% draw anthropomorphic things with arms, mouths, eyes, and legs.

The next step for a modern teaching approach would be to elicit the listeners’ ideas, thus 
engaging them on what they think is important. Delaying a lecture as long as possible, one 
could poll the audience and ask them to raise their hands and how many drew something 
with eyes. Then query, “Could several people give examples of living things on Earth that 
have eyes?” Next, query some specific examples of living things on Earth that do not have 
eyes—things like trees and worms (and of course, bats and sharks might be mentioned too 
as having lousy eyesight). The hook to start the lecture then is, “I wonder if there are more 
living things on Earth with eyes or without eyes?”

This teaching approach starts where the audience’s knowledge actually is, instead of 
where one wishes they were. It is also a teaching approach that is focused on generating 
questions rather than on giving answers. Imagine that at this point, the speaker challenges 
the learners and poses, “Imagine you are an alien from another planet sent to land on 
Earth and look for life…would you look for life with eyes or life without eyes? If your alien 
exploration ship just landed at some random spot on Earth, would you land in the water 
or on land?”

One could simply tell the audience the answer. Or, if modern teaching approaches are 
best, here is an opportunity to get the audience kinesthetically involved. Research by 
Slater and her colleagues (2008) finds that learners are more engaged if they are physi-
cally engaged. Imagine using an inflatable beach ball globe of the Earth, randomly being 
tossed around the room. With each person’s catch of the globe, record the responses to, 
“Imagine you landed where your right thumb is, would you likely look at the window of 
your spacecraft and see a person?” After 15 or so tosses, it becomes clear that most of the 
time, a randomly landing thumb (alien spacecraft) does not hit land, let alone a popu-
lation center. Now, this is the culminating piece of evidence for the audience—aliens 
might not even know there were living things with eyes, mouths, arms, and legs if they 
visited Earth unless they are lucky. And, this, of course, supports the notion that when 
we go to other planets, we need to be open-minded about what life there might look like 
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and it probably does not look much like us. Only after these experiences engaging the 
audience, are they ready to hear a short lecture.

But even then, active intellectual engagement is important. Asking learners questions 
to which they debate answers during a learning experience with other learners takes full 
advantage of what is known about how people learn. Questions posed by the presenter to 
the students can either be simple recall (e.g., Which planet has the highest surface tempera-
ture?) or can be questions of application (e.g., At which phase of the moon will a solar eclipse 
occur?). Less often, but still quite effective at enhancing understanding, presenters can pose 
questions encouraging learners to encounter a widely known misconception (e.g., How 
often does the Moon’s appearance change?).

The underlying astronomy education research supporting these approaches is solid. 
Sadler (1992) and Bailey and Slater (2005), among others, found that college graduates, 
from even the US’s top universities, harbor serious misconceptions about even the most 
basic concepts. Hake (1998) found that when surveying 6000 physics students, students 
that were taught using some sort of interactive engagement techniques scored statistically 
better than students that were taught using conventional lecture courses. Francis and his 
colleagues (1998) found that students from his interactive engagement physics course had 
no decrease in achievement 2, 3, and 4 years after the course. Taken together, astronomy 
education research as an entire body of scholarly literature points to the unquestionable 
need for contemporary teaching approaches as opposed to even the most cleverly delivered 
and entertaining lectures if the goal of astrobiology E/PO is enhanced understanding.

REVIEW QUESTIONS
1. What specific trainings do professional astrobiologists have in E/PO?

2.  Describe in detail a learning experience you have had in one of the three realms of 
E/PO.

3.  Justify which of the major ideas in astrobiology is the most important to share with 
students or the general public.

4.  Explain why finding bacteria on another planet may not be judged as finding life by the 
media.

5. Which of the astrobiology misconceptions is most prevalent?

6.  The anticipated cost of transporting a gallon of water from Earth to the Moon is $15,000. 
Estimate the cost of taking a single-day’s supply of water for your class to the Moon by 
determining how much water each of your class members use in a single day.
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4.1 INTRODUCTION
Natural organic matter (NOM) on Earth occurs in soils; in freshwater, marine, and hydro-
thermal environments; or in the atmosphere and represents an exceedingly complex 
mixture of organic compounds that collectively exhibits a nearly continuous range of prop-
erties (size–reactivity continuum). The composition and structure of NOM in the bio- and 
geosphere is established and governed according to the rather fundamental constraints 
of thermodynamics and kinetics. In these intricate materials, the classical signatures of 
the (geogenic or ultimately biogenic) precursor molecules, like lipids, glycans, proteins, 
and natural products, have been attenuated, often beyond recognition, during a succession 
of biotic and abiotic (e.g., photo and redox chemistry) reactions. NOM incorporates the 
hugely disparate characteristics of abiotic and biotic complexity.

Extraterrestrial organic matter (EOM) in particular can be considered as end mem-
bers of pure chemical synthesis because its chemical composition is exclusively governed 
by abiotic chemical reactions in the absence of terrestrial contamination. Numerous 
descriptions of organic molecules present in ordinary chondrite-type meteorites and, 
in particular, in carbonaceous chondrites (chondritic organic matter [COM]) have 
improved our understanding of the early interstellar chemistry that operated at or just 
before the birth of our solar system (Pizzarello et al., 2013; Sephton, 2013). However, all 
molecular analyses were so far targeted towards selected classes of compounds with a 
particular emphasis on biologically active compounds in the context of prebiotic chem-
istry (Cleaves, 2013). Here, we demonstrate that a nontargeted molecular analysis of the 
solvent-accessible organic fraction extracted under mild conditions from Murchison 
CM2.5 and a few other related CM-type meteorites allows one to extend its indigenous 
chemical diversity to tens of thousands of different molecular compositions and likely 
millions of diverse structures.

4.2 ORIGIN OF CHEMICAL DIVERSITIES
Modern analytical tools like molecular targeted or nontargeted organic structural spec-
troscopy enable rapid and accurate detection and description of chemical diversities in 
relation with health and environmental sciences. Metabolomics is the comprehensive study 
of the metabolome (Figure 4.1). It describes metabolic reactions in biological systems and 
integrates the knowledge of earlier developed omics branches such as genomics, proteomics, 
or transcriptomics.

Following a traditional definition in the field of biology, metabolomics measures the 
concentrations of a large number of naturally occurring small molecules (called metabo-
lites), which are produced as intermediates and end products of all metabolic processes. 
They are measured from biological samples and body fluids such as urine, saliva, blood 
plasma, or tissue samples. Even the simple breathing (exhaled breath condensates) can 
carry the information about the state of health. The total number of different metabolites 
in biological systems is still unknown. Some estimates extend from a few tens to almost 
hundreds of thousands of compounds, but even this latter estimate is probably conser-
vative as far as in supersystems such as gut microbiome samples or food samples (wine, 
etc.) involving plant, bacterial, and secondary metabolites are concerned. The count of 
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metabolites is also considerably larger than the number of corresponding genes, so the 
currently available databases cover at best 2% of the total number of existing metabolites 
(Meringer et al., 2013).

In environmental samples, an approach analogous to metabolomics can be followed 
by looking holistically to all small molecules (NOM) detectable in a given system in 
various time/space scales, integrating metabolite information from living organisms 
and all their biotic/abiotic transformation products (per analogy named MetaboNOM, 
Figure 4.1). These (organic) geochemistry studies in natural environments require under-
standing of the main processes in carbon, sulfur, nitrogen, and phosphorus cycling in 
surface or groundwater, marine water, atmosphere, and even extreme environments such 
as medium-temperature hydrothermal (geothermal) systems. In environmental sys-
tems, the molecular assemblages become more complex because both biotic and abiotic 
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lytical tools are mandatory for a trustworthy depiction of abiotic and biogeochemical molecular 
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diagenetic reactions increase the chemical diversity to reach a steady state of hundreds of 
thousands of molecular structures.

The Abiome finally integrates all abiotic organic chemosynthesis representative of given 
extraterrestrial materials (Figure 4.1, inset), which are directly accessible when fresh-
fallen meteorites are analyzed. Molecular complexity in extraterrestrial material was only 
recently approached and had rapidly found interest in the scientific community with some 
nontargeted high-resolving organic analysis of selected solvent extracts. The targeted anal-
ysis of known organic molecules in meteorites such as amino acids, fatty acids, and nucleic 
acids as building blocks of life was always of high interest (Pizzarello et al., 2006) and had 
some apogee at the time of the race to the Moon in the 1960s, thanks to the development of 
(gas) chromatographic analytical tools. In all cases, the combination of low carbon concen-
trations and extensive molecular complexity of the sample matrix had limited the scientific 
advances in this field to the rate of the development of ever more sensitive and resolving 
analytical tools (separation sciences, spectrometry, spectroscopy, etc.). In this new decade, 
we are facing a paradigm shift and a significant breakthrough in this field of research 
(Callahan et al., 2013; Danger et al., 2013).

High-resolution analytical technologies integrating separation sciences, spectroscopy 
and spectrometry, are needed for a molecular-level structural description of a system and 
the further evaluation of its spatial/temporal changes. Here, we describe the use of the 
high-field ion cyclotron resonance Fourier transform mass spectrometry (ICR-FT/MS) 
technique as an ultrahigh-molecular-resolution tool allowing the description of very 
complex materials on the level of the elemental composition distribution. In other words, 
ICR-FT/MS is an ideal tool for describing the chemical space of samples in various fields 
from biology to organic geochemistry. We illustrate here the particular use of this fantastic 
analytical tool in the case of ambient temperature solvent extracts of EOM entrapped in 
Murchison CM2.5 meteorite, with the emphasis of a few selected new results obtained after 
the publication of our first extended report (Schmitt-Kopplin et al., 2010a). These findings 
are critically compared to the recent ICR-FT/MS data we recorded for other chondrites, 
namely, the ordinary chondrite Sołtmany L6 (Schmitt-Kopplin et al., 2014); two other 
freshly fallen CM2 meteorites, Maribo (Haack et al., 2012) and Sutter’s Mill (Jenniskens 
et al., 2012); and, by extension, for Moapa Valley, one of the only two CM1 petrological 
types found out of Antarctica (original data presented below).

4.3 ORGANIC MATERIAL IN CHONDRITES
The most common types of meteorites are ordinary chondrites that actually represent the 
most primitive solid matter in our solar system. Their classification is essentially based 
on the elemental and stable isotope composition as well as on their petrology (Weisberg 
et al., 2006). The presence of diverse mineralogical and rock phases in ordinary chondrites 
and especially the alteration of their composition and texture involving thermal metamor-
phism, water alteration, or shock metamorphism allow the scientists to reconstitute their 
history in space and time. Carbonaceous chondrites belong to a relatively scarce subcat-
egory of ordinary chondrites. They contain a significantly large amount of carbon (0.5% to 
almost 3%), with sizable contribution of EOM on the top of carbon allotropes and carbides.
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Much information on the organic matter and carbon content/speciation contained in 
carbonaceous chondrites remain to be obtained. COM is currently classified into three cat-
egories: (1) soluble organic matter (SOM), (2) insoluble organic matter (IOM), and (3) ele-
mental carbon (graphite, diamond, fullerenes, etc.) and carbides (either present in metal 
grains or dispersed within the matrix). Generally, the total carbon content is lower than 
0.5% in most of ordinary chondrites, decreasing with shock grade and thermal metamor-
phism, and is correlated to the chondritic water content (Figure 4.2).

It is thus conceivable that the composition and structure of the organic matter in fresh 
materials follows the classification of the chondrites with respect to various petrology 
types and subtypes.

One of the most commonly used techniques to follow the metamorphic grade of organic 
matter in case of, for example, unequilibrated ordinary chondrites is Raman spectroscopy 
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(Quirico et al., 2003) besides infrared spectroscopy (Kebukawa et al., 2011) and x-ray 
absorption near edge structure (XANES) at the carbon edge (Cody et al., 2008). Raman 
spectroscopy has reached its limits for higher petrological types 5 and 6 in which graphite 
was established as the main surviving carbon constituent although recent results suggest 
that sp2-bonded carbon in presolar meteoritic matter could be amorphous and described 
as either glassy inorganic carbon or organic kerogen-like carbon (Wopenka et al., 2013). In 
a targeted way, the analysis of organic compounds has been often directed towards trace 
concentrations of selected classes of organic compounds such as polyaromatic hydrocar-
bons (PAHs) and amino acid derivatives (Zenobi et al., 1992; Gilmour, 2005; Pizzarello 
et al., 2006; Herd et al., 2011). These studies, based on petrologic characters, try to under-
stand the early history of our solar system from the meteoritic perspective (Alexander 
et al., 2001).

High-resolution organic structural spectroscopy, a combination of ICR-FT/MS and 
NMR spectroscopy, revealed an astonishingly large chemical diversity of EOM in many 
types of chondrites with hundreds of thousands of distinct CHNOS elemental composi-
tions (Popova et al., 2013; Schmitt-Kopplin et al., 2014). This opens the speculation of the 
role of such an unexpected chemical diversity in the early times of the solar system and its 
impact on the initial steps of life on Earth.

4.4 PRINCIPLES OF ICR-FT/MS
ICR-FT/MS refers to the measurement of the cyclotron frequency of ions trapped inside a 
confined cylindrical geometry located inside a magnet (Marshall et al., 1998). Figure 4.3 
shows the ICR cell with an orbiting ion inside.

Ions can be detected by their energy absorption from an external waveform genera-
tor that causes expansion of their cyclotron radius so that their orbits range in proximity 
of two detector plates located in the central ring electrode of the cell. Each ion nominal 
mass (m/z) corresponds to a specific cyclotron frequency (ωc). The cyclotron frequency ωc 
is inversely proportional to the ion mass m (in amu) and is also directly proportional to the 
product of the ion charge q and the magnetic field strength B (in tesla). A higher magnetic 
field strength causes larger cyclotron frequencies of the confined ions, and this translates 
into a higher mass resolving power. A mass spectrum represents a histogram, which shows 
different ion abundances as a function of ion (m/z) ratios. Mass spectra result from the 
detection of the cyclotron frequencies of all confined ions. This is achieved by performing 
a mathematical Fourier transform of the detected induced charge transient, which is col-
lected as a function of time (Figure 4.3, inset c). The mass accuracy reached in ICR-FT/MS 
is the highest possible in mass spectrometry with a routine full scan resolution higher than 
500,000 at m/z 500. Two masses that differ by the mass of an electron can be separated with 
the precision of the mass of an electron. The result is a direct combinatorial assignment of 
elemental compositions (including fine structures of isotopologues) over the whole mass 
range analyzed (120–1000 amu). Each signal can be assigned to an elemental composi-
tion based on the combination of C, H, N, O, S, and P and their corresponding isotopes 
with an error lower than 100 ppb (Kim et al., 2006; Hertkorn et al., 2007; Schmitt-Kopplin 
et al., 2010b; Tziotis et al., 2011; Schmitt-Kopplin et al., 2012). Great attention is always paid 
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to work under extremely clean conditions including comparison with blank samples that 
were almost devoid from mass peaks. To further ascertain that the observed mass peaks 
were solely generated from the meteorite and not from solvent and/or from any other kind 
of contamination, three different meteoritic samples are currently handled under identical 
conditions for all measurements. Detailed sampling procedures and ICR-FT/MS spectra/
data acquisition are described elsewhere (Schmitt-Kopplin et al., 2010a).

4.5  CHEMICAL DIVERSITY IN BIOGEOSYSTEMS 
AS OBSERVED WITH ICR-FT/MS

Various solvents were tested for Murchison CM2.5 fragment organics extraction prior to 
analysis with negative electrospray ionization (ESI(−)) ICR-FT/MS. Among all protic, aprotic, 
polar, and apolar solvents, methanol has emerged as the one showing the largest number 
of signals corresponding to oxygenated polar compounds (Schmitt-Kopplin et al., 2010a). 
Apolar solvents would be more adapted for photoionization (APPI) or chemical ionization 
(APCI) types of ion sources allowing the analysis of the nonpolar organic fraction. The 
comparison of atmospheric pressure ion sources recently showed in the case of Suwannee 
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FIGURE 4.3 (a) 12 T ICR-FT/MS Instrument at Helmholtz Zentrum Munchen. (b) A cylindrical 
geometry of an ICR cell with two bored end-cap electrodes. The blue spiral indicates a trajectory 
of an ion during radial (x, y) ion excitation prior to detection. The central electrode is segmented 
fourfold with both counterpart segments representing either detector pairs or transmitter pairs. 
(c)  Acquisition of a methanol extract collected from a Murchison fragment. The time domain 
detected transient is acquired with 4M data points within 1.6 s. (d) The mass spectrum is obtained 
as a result of a Fourier transform of the induced charge transient. Here, the mass resolving power 
is 450,000 at m/z = 319.
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River NOM solution (official NOM reference) that ESI(−) only accounts for half of the NOM 
compositional space relative to APCI and APPI (Hertkorn et al., 2008). Figure 4.4 illustrates 
the signal density in the chosen nominal mass 319 for three complex systems.

These are (1) a biological supersystem (wine, Gougeon et al., 2009) showing the random 
intensity distribution reflecting the presence of metabolite formulas based on C, H, N, O, 
and S found in that particular system and (2) a NOM (International Humic Substances 
Society [IHSS] NOM standard from Suwannee River) reflecting a significant enrichment 
in CHO-type molecules and a depletion in sulfur and nitrogen. The skewed near-Gaussian 
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van Krevelen diagrams (the color codes are blue, CHO; green, CHOS; orange, CHNO; and red, 
CHNOS; bubble sizes are proportional to signal intensity) showing the loose and irregular dis-
tribution of the mass peaks in the biological wine sample (metabolome), a rather homogeneous 
distribution of the signals for the Suwannee River surface water NOM (MetaboNOM) and for the 
meteoritic solvent extracts (Abiome). Middle column: signal regularity can be observed for each 
nominal mass as illustrated here for the nominal mass 319. Note that the wine sample reflecting 
biological signatures from grapes and yeast (fermentation) exhibits highly variable signal intensi-
ties. The last column provides the corresponding distribution (%) of CHO, CHOS, CHNO, and 
CHNOS in each extract. The abundance of CHOS type of molecules in wines is obviously due to the 
intentional addition of sulfites before/during fermentation.
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mass peak distribution is typical of terrestrial NOM and reflects the presence of many iso-
mer compositions behind each mass peak (elemental composition), revealing the successive 
biotic and abiotic transformation, which this type of material had undergone in this N- and 
S-depleted environment; (3) Murchison methanol extract shows more than 100 signals per 
nominal mass and defining a new record in chemical diversity of complex organic mixtures.

The representation of all these compositions out of the list of more than 15,000 elemental 
compositions can be schematized in van Krevelen diagrams that show the variation of the 
atomic ratios H/C versus O/C in a color code for the CHO, CHNO, CHOS, and CHNOS 
type of molecules, with a dot size proportional to the intensity of the corresponding mass 
peaks in the mass spectra (Figure 4.4, left column). The isotopologues are not shown in this 
representation to avoid structural information redundancy. While the biological mixtures 
show molecular signatures with irregular intensity variations all over the H/C–O/C space, 
the Suwannee River NOM and the Murchison van Krevelen diagrams clearly show a high 
regularity in the compositional pattern, expressing the thermodynamically driven abiotic 
processes and the presence of many isomers behind each individual exact mass.

4.6 SOME CHARACTERISTICS OF CM-TYPE METEORITES INVESTIGATED

4.6.1 Murchison (CM2.5)

On September 28, 1969, near the town of Murchison, Victoria, in Australia, a bright fire-
ball was observed leaving a cloud of smoke, before a deaf tremor was heard resulting in 
the fall of many meteoritic fragments dispersed over an area larger than 13  km2. Most 
of the  100+ kg fragments of Murchison were collected shortly after it fell so that nei-
ther of these fresh samples suffered from intensive terrestrial weathering (Zolensky and 
Gooding, 1986). Murchison CM2.5, relatively rich in carbon, is one among the most chem-
ically primitive (least-altered) chondrites (Browning et al., 1996). It therefore carries the 
signature of the solar system from around the time of the Sun’s formation, roughly 4.6 bil-
lion years ago, freezing a record of some of the earliest chemistry taking place in the solar 
system that we have access to. Its aqueous alteration index (2.5 petrologic subtype), based 
on petrographic and mineralogical properties, indicates that its primary lithology had only 
experienced a relatively low and uniform degree of aqueous alteration by water-rich fluids 
at very low temperatures (20°C–50°C) on its parent body before falling on Earth, in con-
trast to the thermal metamorphism of ordinary chondrites that occurred in the range of 
600°C–900°C under very dry conditions. More than 70% of the Murchison carbon content 
has been classified as (macromolecular) IOM of high aromaticity, whereas the soluble frac-
tion contains extensive suites of organic molecules with more than 500 structures identi-
fied so far (Cronin, 1998). These structures basically resemble known biomolecules but 
are considered to result from abiotic synthesis because of peculiar occurrence patterns, 
racemic mixtures, and stable isotope contents and distributions.

4.6.2 Maribo (CM2)

Maribo is a new Danish CM2 chondrite that fell on January 17, 2009. The fall was 
recorded by a surveillance camera, an all-sky camera, a seismic station, and meteor radar 
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observatories in Germany. Only a single fragment of Maribo with a dry weight of 25.8 g 
could be recovered 6 weeks after the fall. The oxygen isotopic composition of Maribo has 
an unusual low Δ17O suggesting that Maribo is among the least aqueously altered CM 
chondrites (Haack et al., 2012).

4.6.3 Sutter’s Mill (CM2-like)

Sutter’s Mill is the first carbonaceous chondrite meteorite very rapidly recovered after it fell 
in April 2012, based on the detection of falling meteorites by Doppler weather radars. This 
is the fastest meteor known from which meteorites were recovered and also one having 
the highest disruption altitude on record. Sutter’s Mill is a regolith breccia, with signifi-
cant textural and mineralogical variations, containing from 1.3% to 1.6% carbon. Many 
characteristics of this meteorite resulting from the investigation of several fragments by 
an impressive series of techniques and teams (Jenniskens et al., 2012) are in line with a 
terrestrial alteration of the fallen fragments due to a series of parameters nonrelated to the 
SM parent body composition. Indeed, as SM rapidly broke at high altitude because of its 
brecciated texture, it could have been readily exposed to heating and/or to air oxidation 
while hot and probably further to a terrestrial postrain alteration, for samples recovered 
3 days after the fall.

4.6.4 Moapa Valley (CM1)

A single dark gray, flattened stone (698.8 g), exhibiting subparallel contraction cracks 
and partially coated with black, vesicular fusion crust, was found by one of the coau-
thors (S.C.) in September 2004, in the Moapa Valley, southeast of Logandale, Nevada. 
So far, this is only the second CM1 found out of Antarctica. The petrological type 1 
designates chondrites that have experienced a high degree of (low temperature) aque-
ous alteration in his parent body, where most primary minerals have been replaced 
by secondary phases and where chondrules are generally absent (Meteoritical Bulletin 
Database). Despite the long terrestrial age evaluated between 5 and 10 Ky (Irving et al., 
2010), its degree of terrestrial weathering is low, probably because of the specific dry 
desert conditions.

4.7 STATE OF THE ART OF THE MURCHISON COMPOSITIONAL SPACE
In all analyses of the methanol extracts originating from various Murchison samples 
obtained from diverse sources or repositories, the spectra resulted in more than 25,000 
resolved mass peaks in ESI(−) mass spectra and 20,000 resolved mass peaks in ESI(+) 
mass spectra. In ESI(−) mode, the peaks were converted into elemental compositions of 
which more than 15,000 could be confirmed considering the elements C, H, N, O, and S 
based on our NetCalc compositional approach presented in Tziotis et al. (2011). The key 
difficulty is to evaluate the entire adjunctive multidimensional space and to visualize 
simultaneously the extracted structure/process information of thousands of elemental 
compositions in two dimensions. Some of the possible visual and audio transformations 
carrying compositional and structural information were presented already in our first 
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paper on Murchison organic content (Schmitt-Kopplin et al., 2010a). In the meantime, 
the most effective representation complementary to the van Krevelen diagrams showing 
all data points proved to be the plot of the H/C ratio versus nominal mass (m/z) as shown 
on Figure 4.5, using the color codes as reported in Figure 4.4. One can discern the quan-
titative and qualitative compositional space continuum over the whole 150–550 mass 
range, only altered in harmony by randomly placed and oddly sized impurity signals 
(larger bubbles within the harmonious background meteoritic signature correspond-
ing essentially to a very few fatty acids and some polyalkylsulfonates ubiquitous at low 
concentrations).

Whole homologous series with systematic repetitive structural units can be visualized 
that way. Alternatively, the O/C versus nominal mass diagrams are available (Figures 4.5 
and 4.6).

Similarly, diagrams such as double-bond equivalents (DBEs) versus number of carbon 
atoms as used routinely in petroleomics (Marshall and Rodgers, 2008) or the Kendrick 
mass defect (KDM) versus the nominal mass express the abundance and diversity of the 
meteoritic SOM on the compositional scale (Danger et al., 2013).
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FIGURE 4.5 Various representations expending the multidimensional space providing struc-
tural information from ICR-FT/MS into complementary 2D space (property as a function of m/z). 
(a) H/C versus nominal mass, (b) DBE versus number of carbons, (c) KDM versus nominal mass, 
(d) O/C versus nominal mass (color code: blue, CHO; green, CHOS; orange, CHNO; and red, 
CHNOS; bubble size proportional to signal intensity).
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Considering the distributions in the numbers and intensities of signals (relative posi-
tions and sizes in the diagrams), each particular compositional family (Figure 4.6) provides 
an integrative way to propose compositional similarities and transformation processes. 
From Figure 4.6, it becomes clear that the compositional space on the DBE level shares 
key characteristics between CHNO and CHNOS compounds as well as between CHO and 
CHOS compounds. This can be explained by considering a sulfurization process from 
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FIGURE 4.6 (a) Individual CHO, CHNO, CHOS, and CHNOS chemical footprints of Murchison 
methanolic extract in the diagrams DBE versus number of carbons. Corresponding similarity net-
works for each footprint showing extremely condensed features reflecting close structural relations 
within the SOM compositional space. (b) In the complex structure datasets, the sulfonation pro-
cess affecting both CHO and CHNO types of compounds (potentially yielding the corresponding 
CHOS and CHNOS) is hidden.
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S-sources likely involving metallic sulfides (MxSy) such as troilite or pentlandite, which 
are relatively abundant in chondrites, which affects two distinct populations of CHO and 
CHNO compounds in analogous ways as proposed previously (Schmitt-Kopplin et al., 
2010a). Similarly, the visualization of all elementary compositions as similarity networks 
within the compositional classes shows condensed forms that reflect the close and system-
atic structural transitions and functional variations. Similarity networks among compo-
sitional classes show a strict separation between compositional classes. In analogy to the 
previously stated hypothesis, the compositional similarity matrix of all four compositional 
classes shows dissimilarity between CHO and CHNOS as well as between CHNO and 
CHOS. The similarity patterns match the proposed context displayed in Figure 4.6.

A limitation in this holistic approach is that the contemplation of elemental composi-
tions will not provide detailed structural information because the various and numerous 
isomers cannot be distinguished. Isomeric differentiation needs an additional analytical 
technique, that is, chromatography hyphenated to mass spectrometry, separating physi-
cally the different isomers based on their polarity and interaction with the stationary phase.

Figure 4.7 shows a successful attempt separating the isobars highlighted in only m/z 
319 in a 30 min time sequence using reverse phase liquid chromatography (LC) (ultraper-
formance liquid chromatography [UPLC]) separation with mass spectrometry detection 
(quadrupole time of flight mass spectrometry [qTOF/MS], MAXIS).

The 2D plot of this nominal mass 319 reveals over 300 individual signals only within 
the nominal mass 319, thereby providing another experimental proof of the record break-
ing of the high chemical diversity of meteoritic solvent-soluble fraction (Schmitt-Kopplin 
et al., 2010a). The plot reveals the most intense signals from the almost 100 observed mass 
peaks in ICR-FT/MS spectrum at the same nominal mass 319. Assuming an effective 
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formula. In the corresponding correlation matrix, almost no structural similarity is found between 
CHNO and CHOS as well as between CHO and CHNOS.



76   ◾   Astrobiology

(c)
318.9 319.0 319.1 319.2

m/z

Re
la

tiv
e i

nt
en

sit
y

ESI(–)-ICR-FT/MS

30

25

20

15

10

5

(a)
318.9 319.0 319.1 319.2

m/z

Ti
m

e [
m

in
]

UPLC time intervals

(b)
318.9 319.0 319.1 319.2

m/z

Re
la

tiv
e i

nt
en

sit
y

25–30 min

20–25 min 

15–20 min

10–15 min

05–10 min

00–05 min

TIC, UPLC-qTOF/MS

FIGURE 4.7 UPLC–qTOF/MS complements ICR-FT/MS data. (a) 2D LC separation in reverse 
phase (UPLC) versus qTOF/MS detection plot of Murchison methanol extract detailed on nomi-
nal mass 319, (b) corresponding extracted mass traces in mass 319 in the various time sections 
of UPLC, and (c) superimposed qTOF versus ICR-FT/MS mass information in the same nominal 
mass 319. The broad peaks in the TIC reflect the low resolution of 40,000 reached in UPLC-qTOF/
MS relative to the ultrahigh resolution of 500,000 achieved in ICR-FT/MS.
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molecular range from m/z 150 to 800, one can extrapolate the existence of almost 200,000 
different compounds as detected experimentally with ESI(−) detection. Figure 4.7 also 
shows the extracted mass traces in the various elution time segments and the superim-
position of the ESI(−)-ICR-FT/MS signal within the mass 319 with the total intensity 
current (TIC) reflecting the summed signals over all the separation time (note the lower 
resolution of near 40,000 of the qTOF/MS relative to the ultrahigh resolution of 500,000 
of ICR-FT/MS).

The last example (Figure 4.8) considers one of the rare types of carbonaceous chon-
drites, the non–Antarctic Moapa Valley CM1, as compared to Maribo and Sutter’s Mill 
CM2 and the fresh-fallen ordinary chondrite Soltmany L6 described in detail elsewhere 
(Schmitt-Kopplin et al., 2014).

The chemical diversity in Moapa Valley is significantly lower than in Maribo CM2 
that shows a very similar pattern as Murchison CM2.5 (Haack et al., 2012). This is easily 
explained if one considers that Maribo and Murchison were very rapidly collected after 
their falls (respectively, in 1969 and 2009), while Moapa Valley CM1, having a far lon-
ger terrestrial age, probably underwent progressive weathering in the desert open space 
for thousands of years. A direct consequence is the presence of a significant amount of 

2.5

2

1.5

1

0.5

0

(a)
0 0.2 0.4 0.6 0.8 1

O/C O/C

O/C O/C

H
/C

H
/C

H
/C

H
/C

(b)

2.5

2

1.5

1

0.5

0
0 0.2 0.4 0.6 0.8 1

2.5

2

1.5

1

0.5

0
0 0.2 0.4 0.6 0.8 1

2.5

2

1.5

1

0.5

0
0 0.2 0.4 0.6 0.8 1

(c) (d)

FIGURE 4.8 van Krevelen diagrams and mass-resolved H/C plot of different meteoritic methanol 
extracts. (a) Moapa Valley CM1. (b) Sołtmany L6. (c) Sutter’s Mill CM2-like (sample SM2, collected 
before the rain fall). (d) Maribo CM2. In contrast to the exhaustively populated compositional 
space fullness of Murchison CM2.5 methanolic extract, the Moapa Valley CM1 extract reveals 
a significant signal scarcity, with mainly CHO and CHNO types of compounds and less sulfur-
bearing compounds in general (restricted green and red areas in the A circle).
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intense signals that can be assigned to degradation products or impurities (with respect 
to the meteoritic indigenous composition) accumulated during the meteorite terrestrial 
stay. The lack of sulfur chemistry is also very specific to Moapa Valley, in contrast to all 
the other fresh CM2 meteorites we have analyzed to date, suggesting a slow hydrolysis 
of accessible CHOS and/or CHNOS compounds in ambient terrestrial moisture. It may 
also have happened that water alteration already significantly affected the original com-
position of the meteorite parent body before it got shock-fragmented and that some of 
such fragments fell on Earth. Indeed, it was recently shown in the case of Chelyabinsk 
meteorite that a loss of sulfur-bearing compounds and an increase in N-bearing com-
pounds can be the result of extraterrestrial thermal shock events (Popova et al., 2013). 
A loss in organic signatures was also detected in the case of Sutter’s Mill CM2 fall that 
was significantly altered during the burst by pyrolysis. In that case, however, the sig-
nature in the polysulfur domain had increased with respect to the other freshly fallen 
CM2 analyzed (Jenniskens et al., 2012) arguing for a different degradation process of the 
genuine organics during the oxidative heating of the Sutter’s Mill fragments in air dur-
ing the last stages of the fall.

Finally, the Soltmany L6 meteorite fallen in 2010 offered specific insights into the molec-
ular diversity of a large number of organic compounds, with a very typical aliphatic oxy-
genized sulfur chemistry (Schmitt-Kopplin et al., 2014). Such a highly complex carbon 
chemistry detected for the first time in significant levels in an ordinary chondrite is sur-
prising. This chemical signature integrates in time the chemical/collision history of the 
meteorites since their formation in the early times of the solar system.

4.8 CONCLUSION/OUTLOOK
We report the state of the art in the organic composition analysis of the solvent-soluble 
polar fractions extracted by grinding freshly exposed Murchison CM2.5 carbonaceous 
chondrite meteorite. The organic content of the extracts was analyzed with nontargeted 
ultrahigh-resolution mass spectrometry and discussed in the scope of the surprising but 
extremely important finding that such a high chemical diversity was also found in every 
fresh meteoritic material investigated so far by the same set of techniques, even in low 
carbon-containing ordinary chondrites such as Sołtmany L6. The first highlighted report 
on the high organic diversity in Murchison CM2.5 was soon followed by the investigation 
of the very fresh Maribo CM2 that was analyzed a few weeks after its fall in 2009 (pristine 
CM2 sample, Haack et al., 2012) and of Sutter’s Mill CM2-like that was found to have 
been highly pyrolyzed during its burst in the atmosphere before it touched the Earth soil 
(extremely thermally altered samples, Jenniskens et al., 2012). Over the last years, many 
fresh-fallen noncarbonaceous meteorites also showed significant and specific organic 
signatures reflecting their time-integrated reactivity history of thermal alteration, water 
alteration, and shock events that occurred either within the specific parent body of each 
meteorite or during the oxidative thermal degradation of the meteoroid during the last 
stages of its fall. Carbonaceous chondrites represent a wide range of carbon saturation 
and oxygenation states, while ordinary chondrites, as recently shown for Chelyabinsk LL5 
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(Popova et al., 2013) or Sołtmany L6 (Schmitt-Kopplin et al., 2014, Figure 4.8b), have more 
restricted organic structures in a relatively oxygenated aliphatic range.

All the studied exemplary falls mentioned earlier show different ESI(−)-ICR-FT/MS 
spectral signatures that correspond to their very specific genesis within their parent 
body, their shock events in space, the extraterrestrial life of the so-generated fragments 
(meteoroids), and their eventual fall conditions as meteors or true meteorites. These few 
examples demonstrate how the diversity of the ultrahighly resolved MS peaks recorded, 
thanks to the unprecedented performances of the ICR-FT/MS technique, could be cor-
related to these various events that directly or indirectly affect the chemistry of each 
body in space and time. The total amount of carbon impacted on Earth, integrating 
not only simple forms of carbon but also highly complex and oxygenated carbona-
ceous compounds, can be significant in the mass accretion history of the Earth over the 
last few giga-years.

GLOSSARY
Carbonaceous chondrites: Chondrites that are rich in carbon. Thought to represent the 

earliest formed material in our solar system or even having a cometary origin.
COM: Chondritic organic matter.
EOM: Extraterrestrial organic matter.
ICR-FT/MS: Ion cyclotron resonance Fourier transform mass spectrometry.
IOM: Insoluble organic matter.
LC: Liquid chromatography.
Meteor: A bright trail or streak that appears in the sky when a meteoroid is heated to 

incandescence by friction with the Earth’s atmosphere. Also called falling star, 
meteor burst, or shooting star.

Meteorite: A stony or metallic mass of matter that has survived entry through the atmo-
sphere and reached the Earth’s surface.

Meteoroid: A solid body, moving in space that is smaller than an asteroid and at least as 
large as a speck of dust.

MS: Mass spectrometry.
NMR: Nuclear magnetic resonance spectroscopy.
NOM: Natural organic matter.
Ordinary chondrite: The most common meteorites found. This term encompasses mete-

orites belonging to the H chondrite (“H” for high iron content), L chondrite (“L” 
for low iron content), or LL chondrite (“LL” for low total iron, low metallic iron 
content) group.

Parent body (of a meteorite): A larger body (located in the asteroidal belt or of cometary 
origin) from which a meteorite is thought to originate.

qTOF: Quadrupole time of flight.
SOM: Soluble organic matter.
UPLC: Ultraperformance liquid chromatography.
XANES: X-ray absorption near edge structure.
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REVIEW QUESTIONS
1. What is Murchison meteorite and why is it important?

2. What kinds of chemicals are found in Murchison?

3.  List other important meteorites that contain organic material, other than Murchison. 
Are the organic materials on these meteorites identical to those found in Murchison?

4.  What instruments are used to analyze organic material in carbonaceous meteorites 
(meteorites that contain organic materials)? What are the advantages and disadvantages 
of each instrument? Which instrumental technique has identified the most organic 
compounds?

5.  Are organic materials that are found in carbonaceous chondrites also found on Earth? 
Are there any organic materials in these meteorites that are unique to them and are not 
found on Earth?

6.  What are the implications of such a diverse organic matter in meteorites in the light of 
the organics and life on Earth?
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5.1  BRIEF OVERVIEW OF ORGANIC CHEMICAL COMPLEXITY 
AND THE DEFINITION OF PREBIOTIC CHEMISTRY

The origin of life has a long and storied history as a scientific problem (see, e.g., Farley 1977). 
For long periods of time, the notion of spontaneous generation was generally accepted as 
a physical phenomenon among some classes of organisms (Fry 2000). With the inven-
tion of the microscope and the discovery of the microbial world, the idea of spontaneous 
generation was pressed into more definable terms. By the mid-nineteenth century while 
it was well accepted that higher organisms were not generated spontaneously, it remained 
unclear whether microbes were. Various experimental evidences eventually suggested that 
microbes were also not spontaneously generated (Geison 1997). At the same time, the idea 
that all life was related by a Darwinian system of descent with modification led to the 
notion of an ur-organism, which would logically need an origin. Concurrently, the devel-
opment of geology as a science supported the notion that the Earth’s environment had 
changed over time, and this led to the logical conclusion that perhaps the conditions that 
allowed for the generation of the first organism were no longer present on the surface of 
the Earth (Dalrymple 1994).

Shortly after the turn of the twentieth century, two European scientists, one in the 
United Kingdom and one in the Soviet Union, proposed that conditions no longer pres-
ent on Earth, which allowed for the synthesis of organic compounds, might help explain 
the origin of life. John Burdon Sanderson Haldane and Alexander Ivanovich Oparin, in a 
pair of closely temporally published papers (Oparin 1924; Haldane 1929), suggested that 
the origin of life on Earth was the result of organic chemistry that occurred in a signifi-
cantly distinct ancient geochemical context. The crux of both of their arguments was that 
the origin of life depended on the supply of organic compounds from the environment 
undergoing chemical complexification that was analogous to biological natural selection.

This notion has subsequently been given names such as chemical evolution or prebiotic 
chemistry (Ponnamperuma and Chelaflores 1994). The first is a nonloaded term, which 
could perhaps be considered synonymous with the simple term chemistry, denoting trans-
formation of matter over time. The second refines the notion to the chemical domain, 
though it implies the goal-directed transformation of chemicals ultimately leading to life 
(Cleaves 2012).

As we do not presently have a single compelling scenario for the origin of life, the 
 prefix pre- in prebiotic chemistry is a necessarily speculative descriptor. A somewhat paral-
lel term, abiotic chemistry, has also been used to describe chemistry, which occurs in the 
absence of life. For example, most petroleum is generally thought to be formed by abiotic 
 transformation of biologically generated organic compounds, modified by nonbiologi-
cal transformations such as heat, pressure, and mineral interactions (Killops and Killops 
2013). It is not widely believed that such transformations lead to new independent origins 
of life, though there are some suggestions that deep Earth organic chemistry may still give 
rise to life (Gold 1992; Davies et al. 2009). Nevertheless, the two terms will be used almost 
interchangeably here, with the implied caveat that all of the described chemistry is abiotic 
and some of it may be prebiotic.
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That the origin of life should depend on organic compounds is logical from two stand-
points. First, contemporary organisms are overwhelmingly composed of organic com-
pounds. Second, the complexity allowed by organic chemistry simply dwarfs that of 
inorganic chemistry. While some 4400 naturally occurring minerals are known (Hazen 
et al. 2008), the number of distinct relatively low-molecular-weight organic compounds 
is truly supra-astronomical; some estimates place the number on the order of 1060 com-
pounds (Kirkpatrick and Ellis 2004).

Furthermore, covalent bonds between carbon atoms or between carbon and other 
atoms are intermediate in strength (300–850 kJ mol−1) between what are considered weak 
bonds (such as hydrogen bonds [5–30 kJ mol−1]) and ionic bonds (~750 to >2000 kJ mol−1). 
Covalent bonds are thus stable at temperatures under which water, which is thought by 
many to be a requisite for life (Jones and Lineweaver 2010), is a liquid at normally encoun-
tered terrestrial surface pressures.

At the same time, the fact that these bonds are so stable means that biology has had 
to develop sophisticated mechanisms for making and breaking them, typically through 
enzyme-mediated catalysis. To break these bonds in the absence of catalysis typically 
requires very large amounts of energy, for example, high-energy radiation (e.g., ultravio-
let (UV) light of ~3 of 9 eV, corresponding to wavelengths of approximately 140–400 nm) 
or high temperatures. As we will see, making these bonds in abiological systems typically 
depends on breaking bonds in high-energy regimes and then allowing the resulting excited 
ions or radicals to recombine during a quenching phase.

Presently, the idea of the spontaneous generation of life from abiotically or prebiotically 
supplied precursors remains an open question. Some authors have argued that this may 
be a question that is not amenable to experimental validation (Ourisson and Nakatani 
1996), either because the initial conditions are too poorly constrained or because it is such 
an improbable event that it will likely never be replicated in the laboratory (see, e.g., the 
discussion in Orgel 1998a,b). Some are more optimistic, and still others consider such a 
demonstration beside the point, arguing that the goal of origin of life research is not to 
demonstrate the production of a living organism under laboratory conditions but to recon-
struct a series of geochemically plausible steps that could have led to such a transformation 
(Eschenmoser 2007).

There are environmental limits to where life as we know it can exist, including limits 
based on temperature (from ~−12°C to +121°C), pressure (up to 1400 atm), and salinity 
(up to saturation of NaCl) (see, e.g., Cavicchioli 2002; Cleaves and Chalmers 2004; Harrison 
et al. 2013). However, these limits are consistently, though incrementally, moved outwards, 
and therefore, it may be presumptuous to define them too precisely.

5.2 WHAT IS LIFE?
Before we can tackle the question of what is needed to make life, it is prudent to touch up 
the question of what life is. Life is a notoriously difficult phenomenon to define (Lazcano 
2008; Bedau and Cleland 2010). All extant terrestrial life is cellular, dependent on a deoxy-
ribonucleic acid (DNA) information storage system and a ribonucleic acid (RNA)-based 
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information translation system that converts the information stored in DNA to protein 
(the so-called central dogma of biology [Figure 5.1]) and largely dependent on protein-
mediated catalysis. All life being cellular, some sort of boundary-forming mechanism 
appears necessary.

At a deeper level, it should be acknowledged that despite the various commonalities 
shared by all extant organisms, life is not necessarily materially defined (Gánti 2003; 
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FIGURE 5.1 The central dogma of information flow in biology.
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FIGURE 5.2 Tibor Gánti’s chemoton model. Three cyclic subsystems, a boundary subsystem (Tm), 
a metabolic subsystem (An), and an informational control system (pVn), are stoichiometrically 
linked to form an indivisible whole. (Reproduced from Gánti, T., The Principles of Life, Oxford 
University Press, Oxford, U.K., 2003, Figure 1.1 from p. 4. With permission.)
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Louie 2009). Organisms exist that simply do not use many materials often considered uni-
versal to carry out their life processes. For example, archaebacteria do not use acylphos-
pholipids to construct their cell membranes but instead use ether-based isoprenoid lipids 
(Matsumi et al. 2011), though these organisms also use DNA and the consensus genetic 
code (Freeland and Hurst 1998), suggesting the choice of lipid system was made after the 
natural selection of DNA and the genetic code (Peretó et al. 2004). But what then is fun-
damental to life, and which aspects observed in contemporary biochemistry should we 
consider essential, and which is necessary for an origin?

One theorist, Gánti (2003), has made the suggestion that life must be considered the 
union of three subsystems that cannot be separated without losing the integrity of the 
living system. These three subsystems are an informational subsystem, a metabolic subsys-
tem, and a boundary subsystem (Figure 5.2).

It is especially significant in Gánti’s model that the subsystems are linked. Each shares 
some component with at least one of the others. In this manner, the growth and  replication 
of the subsystems are linked so that the entire organization can operate in a coordinated 
fashion, rather than being a simple collection of three independent systems. It is also 
 significant in this model that while one can see natural cognates of the subsystems in 
biochemistry (e.g., lipids as the boundary subsystem, nucleic acids as the informational 
subsystem, and protein enzymes as components of the metabolic subsystem), the actual 
molecular identities of the subsystems are not defined, and in principle, many types of 
molecules could play any of these roles.

5.3 SITES FOR THE ORIGIN OF LIFE
It is generally believed that terrestrial life originated on Earth, though some arguments 
have been advanced based on various arguments that life began on Mars, or on comets or 
meteorite parent bodies (Kirschvink and Weiss 2002; Hoover 2008). We will not review 
here the early geochemical conditions on Mars or the arguments for interplanetary trans-
port of life and the chemical conditions and types of organic compounds that could have 
been brought in from small solar system bodies such as comets and meteorites as this 
material is reviewed elsewhere in this volume. We will, however, briefly sketch the condi-
tions that we think were necessary for the origin of life on Earth and review a few solar 
system bodies where there is at least circumstantial evidence for the minimal conditions 
thought to be necessary for the origin of life, namely, the presence of liquid water and 
organic compounds.

5.3.1 Earth

The Earth is believed to have formed some 4.55 Ga (giga-annum, or one billion years ago) 
based on isotopic dating of meteorites (Dalrymple 1994). There is evidence for life on 
Earth in the form of microfossils going as far back as ~3.5 Ga (Schopf 2008; Wacey et al. 
2011) and evidence for light organic carbon (i.e., carbon depleted in 13C, which is argued 
to be a marker of ancient biological carbon cycling) as far back as 3.8 Ga (Schidlowski 
1988). This leaves open an approximately 0.7–1 Ga window for life to have originated on 
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Earth (Figure 5.3), which has been considered more than sufficient by some (Lazcano and 
Miller 1994), though others have argued it is impossible to estimate the pacing of this tran-
sition based on the available evidence (Orgel 1998). This is shown in Figure 5.3.

Precisely when conditions on the Earth’s surface (here surface being used to denote upper 
crustal environments, including the ocean floor) became mild enough to support life, typi-
cally defined as when temperatures became cool enough to support standing bodies of liquid 
water, is a matter of considerable debate, and various studies continue to push the earliest 
possible date back further in time, now to ~4.3 Ga. For example, indications from ancient 
zircon grains found in some of Earth’s earliest detrital deposits suggest that liquid water was 
present at the Earth’s surface as early as 4.4–4.3 Ga (Mojzsis et al. 2001). It must be stressed 
that the temperature, pH, and solute composition of this water are unknown (Kempe and 
Degens 1985). Under a very thick atmosphere, the boiling point of water would be increased, 
meaning that the early oceans, as suggested by zircon evidence, may have been somewhat 
hotter than 100°C. Presently the upper limit of survival for terrestrial organisms is ~121°C 
(Kashefi and Lovley 2003), though these are of course highly adapted organisms with a host 
of repair mechanisms that allow them to cope with the stresses of such hot environments, 
and it is unclear what conditions the earliest life forms could have tolerated (Arrhenius 1999).

5.3.2 Mars

Exploration of Mars’ surface by orbiters, landers, and rovers has now provided a wealth 
of data allowing for considerable reconstruction of Mars’ earliest history. Apparent on 
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FIGURE 5.3 Timeline for major events in the history of life on Earth. Superposed earlier, the time-
line is a schematic phylogenetic tree showing how the major classes of organisms can be grouped, 
though we cannot presently fix many of the branch points of this tree to the geological timeline 
with great accuracy. The origin of the Eukarya is represented by two arrows, showing the range of 
estimated dates.
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Mars’ surface are depositional environments suggesting extensive standing bodies of 
liquid water, some perhaps hundreds of meters thick (Carr and Head 2003). The miner-
alogy of Mars’ oldest surface rocks suggests weathering of basaltic materials at a neu-
tral to slightly alkaline pH, not unlike that of the modern terrestrial ocean (pH ~ 8.1) 
(see, e.g., Ming et al. 2008). The composition of Mars’ earliest atmosphere remains as 
contentious as the Earth’s with arguments for both early oxidizing and reducing con-
ditions having been put forward (see, e.g., Lammer et al. 2013). Of course, the same 
considerations for the early Earth’s atmosphere likely also apply to the early Martian 
atmosphere: a highly or moderately reducing atmosphere could support the synthesis 
of abundant organic compounds via atmospheric synthesis mediated by various forms 
of impinging radiation, including solar UV, cosmic rays, and electric discharges, with 
more oxidized gas mixtures providing different types and quantities of compounds 
(Stribling and Miller 1987; Nna Mvondo et al. 2001). Of course, regardless of the atmo-
spheric composition, extra-Martian infall of organic compounds to Mars’ early surface 
is also likely.

The presence of hydrothermal environments driven by magmatism also seems possible 
on Mars, and various geological structures on Mars have been identified as hydrothermal 
vents (CIBA Foundation 2008).

5.3.3 Titan

Saturn’s moon Titan remains one of the most intriguing bodies in the solar system from 
the standpoint of organic synthesis due to its reducing atmosphere composed of ~98% N2 
and 2% CH4 with traces of other species such as H2, CO, and light alkanes and nitriles 
(Niemann et al. 2005).

The presence of organic aerosols and low-molecular-weight organics in Titan’s atmo-
sphere has now been confirmed experimentally by the Huygens probe (Israël et al. 2005), 
and the composition of these in general compares well with those prepared in Earth-based 
laboratory simulations (Cleaves et al. 2014). Titan tholins are also remarkably similar to 
those formed under Miller–Urey-type conditions from a postulated early reducing terres-
trial atmosphere (Cleaves et al. 2014).

Interestingly, it is now suspected that while Titan’s surface is extraordinarily cold, with 
solid CH4 and ethane possibly occurring on the surface (which at ~−180°C (Mitri et al. 
2007) is well below the freezing point of water), Titan’s subsurface may host liquid water 
and kept liquid by high concentrations of NH3 (Thompson and Sagan 1992). Deeper still, 
temperatures may reach those of contemporary terrestrial environments that host living 
organisms. It has been postulated that the organic aerosols and other compounds that rain 
out from Titan’s atmosphere may come into contact with this subsurface liquid water peri-
odically. This could be due to either cryovolcanism or impact-induced heating, which could 
provide liquid water environments that could persist for thousands of years (ref). These are 
important points to keep in mind when considering that low-temperature  hydrolysis of 
Titan tholins in concentrated NH3 gives rise to a variety of organic compounds, including 
several important in terrestrial biochemistry, such as amino acids and nucleobases (Neish 
et al. 2010).
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5.3.4 Enceladus

Jupiter’s moon Enceladus is another intriguing solar system body from the perspective 
of organic chemistry. Enceladus remains one of only two solar system bodies besides the 
Earth with active volcanism (Manga and Wang 2007). A continual stream of icy material 
is ejected from beneath Enceladus’ surface. This material has now been remotely sampled 
and found to include a number of low-molecular-weight compounds of interest to organic 
chemistry, including formaldehyde, hydrogen cyanide (HCN), ammonia, and methanol 
(Waite et al. 2009).

5.3.5 Europa

While there is presently no evidence for organic chemistry occurring on Europa’s surface 
or in its subsurface, Europa remains intriguing due to the abundant evidence that it may 
host a large subsurface liquid water ocean, with a volume possibly exceeding that of the 
Earth’s (Pappalardo 2010). This evidence includes surface features suggestive of ice sheets 
atop a liquid water matrix allowing their movement, as well as measurements of Europa’s 
magnetic field. If Europa accreted from comet-like material, then it seems likely that it also 
contained some of the same organic compounds that comets are suspected to be composed 
of (Briggs et al. 1992; Sandford et al. 2006). How these have evolved or continue to evolve 
in Europa’s subsurface ocean remains unknown, but it is possible that there is terrestrial-
like submarine hydrothermal activity ongoing on Europa’s ocean floor, which could be 
compatible with some of the types of chemistry purported to have been important for the 
chemical evolution, which led to the origin of life on Earth (Raulin et al. 2010).

5.3.6 Comets/Asteroids

In his seminal volume, Oparin suggested that extraterrestrial organic materials could have 
been important for the origin of life in his seminal volume (Oparin 1924). It has been 
known for well over 150 years that meteorites contain organic compounds, though their 
extraterrestrial origin was not conclusively confirmed until the 1970s (Kvenvold et al. 1970; 
Cronin and Moore 1971; Folsome et al. 1971; Oró et al. 1971).

The Earth is continuously bombarded with meteorites of various sizes, which are 
thought to be remnants of the material from which the solar system accreted (Lauretta 
and McSween 2006). These include meteorites that are almost entirely metallic, as well as 
 various classes of stony meteorites. A subgroup of the latter, the carbonaceous chondrite 
meteorites, are known to include a significant fraction, up to ~2%–3% by weight, of indig-
enous organic material. There are several hundred specimens of this type of meteorite 
curated in various collections around the world. Their organic composition has been inves-
tigated extensively and remains a vibrant research activity in several laboratories.

In addition to a complex, kerogen-like high-molecular-weight organic material (known 
as insoluble organic material [IOM]), carbonaceous chondrite meteorites have been 
found to contain a complex host of organic materials including several classes of low- 
molecular-weight organic compounds representing compound classes that are important 
in  contemporary terrestrial biochemistry, including amino acids, nucleobases, sugar-like 
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derivatives, and various metabolic intermediates (Pizzarello et al. 2006; Schmitt-Kopplin 
et al. 2010; Cooper et al. 2011). These will be discussed in more detail in Section 5.4.

5.4 ANALOG STUDIES

5.4.1 Atmospheric Synthesis

Assuming life began on Earth, the composition of Earth’s earliest atmosphere is of extreme 
importance, but as mentioned earlier, presently very poorly constrained due to the lack of 
geochemical evidence form Earth’s earliest history. Harold Urey, the Nobel-prize-winning 
American chemist, first suggested that the early Earth’s atmosphere would have been 
highly reducing (i.e., overwhelmingly dominated by molecular species bonded to hydro-
gen, for example, with carbon in the form of methane, CH4) as opposed to oxidizing (e.g., 
with carbon largely in the form of species bonded to oxygen, such as carbon dioxide, CO2) 
(Urey 1952). This conjecture was based on the observation of the abundance of hydrogen 
in the solar system compared with that of oxygen, for example, as in the atmospheres of 
Saturn and Jupiter. It was further conjectured, based on chemistry known at that time, that 
it should be easier to make organic compounds from reduced gases than it would be from 
oxidized gases.

Indeed, until the early 1950s, laboratory efforts to synthesize organic compounds from 
CO2/H2O gas mixtures mimicking an early CO2-dominated steam atmosphere were found 
to be relatively inefficient at producing organic compounds (Garrison et al. 1951).

In 1952, Stanley Miller, then a graduate student, after seeing a lecture delivered by Urey 
on the topic of organic synthesis on the primitive Earth, proposed testing Urey’s ideas as a 
thesis project. Shortly thereafter, he conducted the first deliberate test of Urey’s  atmospheric 
model in the laboratory. The experiment consisted of a gas-filled apparatus (Figure 5.4) 
simulating the early Earth atmosphere–ocean system acted upon by electrical discharges 
simulating lightning. It was a remarkable success, quickly producing a visible brownish 
organic polymer and upon further analysis also several amino acids important in biologi-
cal proteins (Miller 1953).

Numerous experiments were conducted in the wake of this discovery testing the range 
of conditions under which such synthesis could take place, for example, examining the use 
of different types of energy sources and different gas compositions (Groth and Weyssenhoff 
1957; Allen and Ponnamperuma 1967; Groth 1975; Miyakawa et al. 2002).

It was generally found that reducing gases produce not only a greater variety of organic 
compounds but also a greater yield (Stribling and Miller 1987). Among the types of com-
pounds that have now been isolated from such systems include most of the major classes of 
biochemicals (amino acids, purines, pyrimidines, etc.), with modern analytical techniques 
continually finding new and more compounds, albeit in lower and lower yield (Levy 2000; 
Johnson et al. 2008).

Despite the success of such experiments, their relevance to the inventory of organic 
compounds on the early Earth has been questioned. Around the time Urey first proposed 
an early reducing atmosphere, other geochemists presented arguments for a relatively 
 oxidizing CO2/N2-dominated atmosphere (Rubey 1951). This notion has been repeated 
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over the years based on various lines of reasoning, including the oxidation state of various 
metals in ancient samples of what was presumably upper mantle material (Trail et al. 2011).

One important consideration that has received a great deal of attention is the so-called 
dim young sun paradox (Kasting and Siefert 2002), which can be summarized as follows: it is 
widely suspected, based on astronomical observations of stellar evolution, that the early Sun’s 
energy output around the time of the origin of life was ~70% that of the present Sun’s (Sagan 
and Mullen 1972). Given that there is evidence for liquid water during this period (e.g., from 
the measurements of ancient zircons described earlier), one solution to this paradox is to pos-
tulate a strong greenhouse atmosphere, which would raise Earth’s surface temperature above 
the freezing point of water. Originally, gases such as CH4 and NH3 were proposed for this 
role, but their instability to photochemical destruction by UV radiation was soon pointed out 
(Ferris and Nicodem 1972; Kuhn and Atreya 1979), and the principal contender became CO2. 
It has been calculated that at least several times the modern level of CO2 is needed to generate 
the required warming, which would render the early atmosphere overwhelmingly neutral or 
oxidizing and pose limitations on the effectiveness of MU-type atmospheric organic synthe-
sis. Various constraints have since been placed on the existence of a high CO2 atmosphere, 
including the efficient removal of CO2 by carbonatization of oceanic basalts (Sleep and 
Zahnle 2001), as well as various limitations imposed by the geological record (Kasting 1987).

The earliest atmosphere is largely thought to have been generated by the outgassing of 
the Earth’s mantle; thus, the types of materials from which the Earth accreted and the 
rate at which these materials were outgassed or partitioned into the Earth’s deep interior, 
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FIGURE 5.4 The Miller–Urey electric discharge apparatus. (a) The circulating flask of the type 
first used by Miller in 1953, (b) a room-temperature Miller–Urey electric discharge apparatus, (c) a 
room-temperature Miller–Urey electric discharge apparatus filled with methane and nitrogen gas 
after 48 h of sparking, and (d) close-up view of the organic materials produced in (c). (a: Reproduced 
from Lazcano, A. and Bada, J.L., Orig. Life Evol. Biosph., 33, 235, 2003. With permission.)
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removing them from interaction with the surface environment, become important consid-
erations (Miller and Orgel 1974). Recently, measurements of ~4.3 Ga inclusions in zircon 
crystals have been used to argue that the upper mantle was essentially at its present oxida-
tion state by that time and thus that the composition of gases released by early volcanism 
was similar to that that is presently observed (Trail et al. 2011). This leaves open the pos-
sibility of localized synthesis around volcanic settings (Johnson et al. 2008), as well as the 
possibility that the Earth passed through a more reducing phase still earlier in its evolution 
that might push the period of abundant atmospheric organic synthesis back to the very 
short period available before this (e.g., ~4.4 Ga) (Tian et al. 2005).

Alternatives to the high CO2 atmosphere for greenhouse warming that rely on the pres-
ence of methane and organic aerosols have also been put forth recently (Wolf and Toon 
2010). Such aerosols might have been produced from a mixture of CH4 and CO2 and could 
have shielded photolabile gases such as methane and ammonia from photolysis, allowing 
their concentrations to rise and then serve as greenhouse gases (Wolf and Toon 2010). 
The efficacy of abiotic organic synthesis from mixtures of CO2, CO, and CH4 remains rela-
tively poorly explored, and it is possible that this offers a solution to the organic synthesis 
problem if the early atmosphere was not very reducing.

Other solutions to the problems this paradox poses to the supply of organics have been 
offered. First, organic compounds may have been supplied by extraterrestrial delivery 
(Pizzarello et al. 2006), and there are now a number of known mechanisms by which such 
materials could have been delivered to the early Earth and contributed to its organic inven-
tory (Chyba and Sagan 1992). Such delivery seems almost certain, though there remains 
some debate about its relative importance. Second, as we explore in the next section, other 
endogenous mechanisms for organic synthesis may have contributed to the early Earth’s 
organic inventory.

5.4.2 Hydrothermal Synthesis

In the late 1970s, after considerable doubt had been raised regarding the composition of the 
early atmosphere and its compatibility with MU-type synthesis, oceanographers working 
in small manned and unmanned submersibles discovered undersea hydrothermal systems 
near mid-ocean ridge spreading centers (Corliss et al. 1979). Not long after their discovery, 
these systems were suggested as potential sites for organic synthesis and the origin of life 
(Corliss et al. 1981). Among the benefits such sites potentially offer are protection from 
the abundant and potentially lethal UV radiation the surface likely received due to the 
lack of a significant ozone (O3) layer (the modern ozone layer being largely the by- product 
of photochemical reactions of the O2 produced by biological oxygenic  photosynthesis) 
(Cleaves and Miller 1998), protection from the sterilizing effects of impactor bombardment 
(Maher and Stevenson 1988), and an abundant supply of energy in the form of  chemical 
potential and heat.

These ideas were bolstered by the discovery of complex ecosystems supported in hydro-
thermal systems (for a discussion, see Van Dover 2000), a biology seemingly completely 
disconnected from sunlight as its primary energy source. Furthermore, it was later sug-
gested based on the construction of phylogenetic trees of extant organisms that the last 
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universal common ancestor (LUCA) was a thermophile or hyperthermophile (Forterre 
1995; Stetter 1996; Di Giulio 2001), though this idea has also been challenged (see, e.g., 
Glansdorff et al. 2008). The obvious implication was that if LUCA was a thermophile, then 
the origin of life might also have occurred at high temperature, and by extension, hydro-
thermal sites were the cradle of life. There has been a considerable amount of discussion 
of the evidence for and against the earliest organisms being thermophiles and hydrother-
mal vents as the setting for the origin of life (Miller and Lazcano 1995; Arrhenius 1999; 
Di Giulio 2001).

First, it has been argued that even if hyperthermophiles are deeply branching groups 
of organisms, the organisms were already essentially modern organisms, complete with 
the modern genetic code, translation, and transcription apparatuses, as well as various 
biochemical innovations such as membrane-driven ATP synthesis, which depends on 
highly evolved molecular machinery (Islas et al. 2003). Therefore, a surmise is thus that 
while hyperthermophiles may be the most closely related to LUCA of all extant organisms, 
they are still highly evolved and thus may either be survivors of ocean-boiling impact 
events (Abramov and Mojzsis 2009) or, perhaps due to the increase in the rate of biochemi-
cal  evolution in such environments, lower-temperature organisms may have colonized 
 hydrothermal environments, then later reradiated into lower-temperature environments, 
displacing their ancestors (Arrhenius et al. 1999).

There are a number of geochemical ambiguities that do not strongly corroborate the 
hydrothermal origin model, for example, the fact that the earliest fossil organisms appear 
to be associated with tidal or shallow marine environments (Allwood et al. 2007), and the 
early light carbon isotope evidence is consistent with photosynthesis (Schidlowski 1988). 
Furthermore, it is notoriously difficult to calibrate molecular clocks so deeply back in time 
(Feng et al. 1997; Ayala 1999; Gaucher et al. 2003); thus, the age of the divergence from 
LUCA cannot be fixed with high confidence, and thus LUCA may well have appeared 
after the earliest known microfossils and putative period of ocean-sterilizing impact events 
(Cleaves 2013) (Figure 5.3).

5.4.3 Types of Modern Hydrothermal Environments

Since the discovery of the mid-ocean ridge-type hydrothermal vent environments, 
a  variety of other lower-temperature vent environments have been discovered, including 
the so-called off-axis or carbonate-hosted systems (Früh-Green et al. 2003). A brief com-
parison of the two types is provided in Table 5.1 and a schematic showing their distribution 
and geological context is shown in Figure 5.5.

Bearing in mind that Table 5.1 contains data from many field measurements, it is readily 
evident that there is a wide range in the types of environments that may be found in any 
given vent, including the abundance of reduced gases such as methane and hydrogen and 
the relative oxidation state of sulfur, pH, and temperature. That the values differ so widely 
from those of seawater is evidence of the modification the fluids undergo upon contact 
with the host mineral assemblages.

Presently, there is some evidence for indigenous organic synthesis in such envi-
ronments, with some corroboration coming from laboratory chemical simulations 
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TABLE 5.1 Some Representative Geochemical Data from Natural Submarine Hydrothermal 
Systems and of Ambient Modern Seawater, Showing the Variation in Conditions

Conditions 
On-Axis Basalt-Hosted 

Vent System Black Smoker 
Off-Axis Peridotite-Hosted 
Vent System White Smoker Seawater 

Temperature (°C) 185–370 3–75 7
pH 3.3–6.4 9–9.8 8.0
H2 (mmol kg−1) 0.003–1.7 0.23–0.43 4 × 10–4

CH4 (mmol kg−1) 0.06–3.4 0.001–0.28 4 × 10–7

H2S (mmol kg−1) 1.3–9.3 0.064–2.1 0
SO4

2− (mmol kg−1) 0–2 0.05–50 28.6

Source: Data from Kelley, D.S. et al., Nature, 412, 145, 2001.
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(Seewald et al. 2006; Proskurowski et al. 2008). For example, it has been shown that 
 isotopically heavy low-molecular-weight hydrocarbons are found in the vent effluent of 
several systems, which are consistent with an abiological source and equilibration with the 
reduced mineralogy and chemistry of the vent environments (Proskurowski et al. 2008). 
The presence of more complex organics remains controversial, one reason for this being 
the ubiquity of biological materials in the seawater, which is the source of the vent effluent, 
and the abundance of microorganisms in the immediate vent environments (Bassez et al. 
2009). To date, no unambiguous identification of compounds even as simple as amino 
acids has been returned from a natural hydrothermal vent environment, though various 
laboratory simulations suggest such synthesis may be possible in low yield (Aubrey et al. 
2009). Furthermore, a number of computational techniques suggest such abiotic synthesis 
in hydrothermal environments should be thermodynamically viable (Shock 1990; Holm 
et al. 1992).

5.5 METEORITES AS TOUCHSTONES
We turn briefly to a survey of the compounds that have been observed in carbonaceous 
meteorites and other extraterrestrial materials that may have contributed to the organic 
inventory thought to have been necessary for a heterotrophic origin of life on Earth.

First, as mentioned previously, the majority of the organic materials found in such 
meteorites are bound in the form of a high-molecular-weight polymer (IOM). In addi-
tion to low-molecular-weight compounds present in these meteorites that are extractable 
by relatively low-temperature extraction, high-temperature (100°C–300°C) water or acid 
hydrolysis of this material gives rise to still more low-molecular-weight compounds, sug-
gesting that many of these are bound in IOM macromolecular matrix (Pizzarello et al. 
2006; Glavin et al. 2010).
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FIGURE 5.5 (continued) Submarine hydrothermal vents. (c) a black smoker atop a mid-ocean 
spreading ridge, and (d) schematic showing how hydrothermal convection drives vent dynamics. 
(1) Cold seawater is drawn into the high-temperature zone of the spreading ridge, where a variety 
of interactions with magmas and basalts (2–6) lead to significant changes in the composition of the 
fluids, including removal of dissolved oxygen and addition of various metals. Finally, these fluids 
are discharged into the ambient seawater, either directly (7) or via diffuse off-axis flow (8).
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A variety of compounds have now been identified, including amino acids, nucleobases, 
sulfonic and phosphonic acids, fatty acids, polycyclic aromatic hydrocarbons, and straight- 
and branched-chain hydrocarbons, among others (Pizzarello et al. 2006). A summary of 
the results to date is presented in Table 5.2.

The mechanism of synthesis of these various compounds remains an active area of 
research, with the most parsimonious explanation being a combination of early solar neb-
ula and postaccretionary processing. Briefly, the mode of accretion of these materials is 
summarized in Figure 5.6.

5.6 COMPOUND CLASSES

5.6.1 Lipids

Lipids are fundamental to biology as the compounds from which biological membranes 
are largely constructed. These can broadly be grouped into two classes, which are found 
in various types of organisms: the isoprenoid ether lipids and the fatty acid acyl lipids 
(Figure 5.7).

The fatty acid ester type (Figure 5.7b) is widely distributed across the eubacterial and 
eukaryotic domains of life and consists of the union of one or more straight saturated 
or unsaturated fatty acid chains. These chains typically contain 16–18 carbon atoms and 
are derived from the malonyl/acetyl-CoA biosynthetic pathways, joined to a polar head 
group, which is usually some derivative of glycerol, rendered more polar by the attachment 

TABLE 5.2 Organic Compounds Detected to Date in the Murchison Meteorite

Class Concentration (ppm) 
Number of Compounds 

Identified 

Aliphatic hydrocarbons >35 140
Aromatic hydrocarbons 22 87
Polar hydrocarbons <120 10
Carboxylic acids >300 48
Amino acids 60 74
Hydroxy acids 15 38
Dicarboxylic acids >30 44
Dicarboximides >50 2
Pyridine carboxylic acids >7 7
Sulfonic acids 67 4
Phosphonic acids 2 4
N-heterocycles 7 31
Amines 13 20
Amides n.d. 27
Polyols 30 19
Imino acids n.d. 10

Source: Data from Pizzarello, S. et al., The nature and distribution of the organic  material 
in carbonaceous chondrites and interplanetary dust particles, in: Meteorites and 
the Early Solar System II, University of Arizona Press,  Tucson, AZ, in 
 collaboration with Lunar and Planetary Institute, Houston, TX, 2006.

Note: n.d., not determined.
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from the Murchison meteorite. (c: Courtesy of NASA.)
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of phosphate, choline, or some other low-molecular-weight moiety (represented as R in 
Figure 5.7a and b). The isoprenoid ether type (Figure 5.7a) is widely distributed among the 
archaebacteria (Matsumi et al. 2011), particularly in extremophilic species, perhaps ratio-
nalizable by their greater resistance to chemical degradation at extremes of salinity, pH, 
and temperature (Driessen and Albers 2007). These consist of one or more polyisoprenoid 
chains (derived from the isoprene biosynthetic pathways), attached by ether linkages to 
polar head groups such as substituted glycerol moieties.

Prebiotic syntheses of the straight-chain fatty acids have been suggested based on 
Fischer–Tropsch-type synthesis (FTT), for example, by the reactions of CO or CH4 over 
suitable metal catalysts at high temperature (McCollom et al. 1999, 2010) (Figure 5.8).
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(Reproduced from McCollom, T.M. et al., Geochim. Cosmochim. Acta, 74, 2717, 2010. With permission.)
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The condensation of fatty acids with glycerol under drying conditions and phosphoryla-
tion of the resulting acyl derivatives have been demonstrated under conditions that might 
be expected in evaporating ponds or tidal environments (Rao et al. 1982).

The isoprenoid lipids have been suggested to be synthesizable from isobutene and form-
aldehyde by the Prins reaction (Ourisson and Nakatani 1994), and there is now some 
experimental evidence for this (Désaubry et al. 2003).

Carbonaceous meteorites have indeed been found to contain both straight-chain fatty 
acids and isoprenoids (Kvenvolden et al. 1970; Yuen and Kvenvolden 1973); however, analy-
sis suggests the isoprenoids are terrestrial biological contaminants (Nooner and Oró 1967). 
Strong evidence for indigenous straight-chain fatty acids appears to be limited to those of 
C9 or shorter chains (Kvenvold et al. 1970).

Interestingly, it is known that straight-chain amphiphiles and various biological lipids 
will spontaneously self-assemble under the appropriate conditions of pH, temperature, and 
solute concentration to form aggregates known as micelles or vesicles, which in some cases 
are able to trap various solutes for extended periods of time (Deamer and Barchfeld 1982). 
These properties have led to suggestions that such materials may have been important for 
the self-assembly of the earliest protocells (Szostak 2001). Intriguingly, the straight-chain 
fatty acids found in carbonaceous chondrites to date are just at the threshold of the types 
of molecules that are known to display this behavior (Monnard et al. 2002), and even these 
are present in very low abundance (Yuen and Kvenvolden 1973). For example, the octanoic 
acid content of 1 g of the Murchison meteorite would need to be dissolved in a few tens of 
nanoliters of water in order to form vesicles (given a critical vesicle concentration [the con-
centration above which bilayered or higher aggregated lipid structures form spontaneously] 
of 130 mM [Apel et al. 2002] and a mean abundance of 0.01 μmol g−1 in a typical meteorite 
[Lawless and Yuen 1979]).

Nevertheless, organic solvent extracts of the Murchison meteorite show the presence of com-
pounds that spontaneously assemble into boundary structures (Deamer 1985) (Figure 5.7c), 
though it is unlikely these have much compositional similarity to biological membranes.

5.6.2 Amino Acids

Amino acids are fundamental to biology as the structural units of the enzymes, which are 
responsible for the vast and varied catalytic repertoire of cells, and other cellular struc-
tural proteins. Terrestrial biology uses almost exclusively a set of 20 across all domains of 
life for the construction of coded proteins (Figure 5.9).

Amino acids were among the first biological compounds found in prebiotic organic syn-
thesis experiments (Miller 1953), and since then, a variety of mechanisms have been found 
by which they can be produced abiotically.

Miller originally suggested the Strecker mechanism (Miller 1957) (Figure 5.10) for their 
synthesis under MU-type reaction conditions, and indeed, there is a good deal of evidence 
for the operation of this synthetic pathway.

The reaction is robust under certain conditions, namely, neutral to slightly basic condi-
tions (Taillades and Commeyras 1974), and, depending on the ammonia concentration, 
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also provides a mechanism to the cognate α-hydroxy acids (Peltzer et al. 1984). Depending 
on the starting conditions, ~12 of the 20 coded biological amino acids now have convinc-
ing prebiotic syntheses (Miller 1998). It is widely believed that the remainder were derived 
during the development of the biosynthetic pathways during biological evolution (Weber 
and Miller 1981; Cleaves 2010).
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FIGURE 5.10 (a) The Strecker/cyanohydrin α-amino acid/α-hydroxy acid synthesis and (b)  evidence 
for the operation of these synthetic pathways in the form of detection of the intermediates during 
the course of an electric discharge experiment. (b: Reproduced from Miller, S.L., Biochim. Biophys. 
Acta, 23, 480, 1957. With permission.)
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Other pathways also yield amino acids, for example, the hydrolysis of the polymer derived 
from the condensation of aqueous HCN gives rise to a variety of amino acids including ser-
ine, aspartic and glutamic acids, and α- and β-alanine (Ferris et al. 1978). The hydrolysis 
of various high-molecular-weight organic polymers (tholins) has also been found to liberate 
amino acids directly (Khare et al. 1986), suggesting that solution-phase conditions may be 
less important than previously thought if sufficiently reducing  atmospheric conditions are 
available.

There is strong evidence for some of the aromatic amino acids (phenylalanine and 
 tyrosine) in carbonaceous chondrites (Pizzarello and Holmes 2009); however, several bio-
logical amino acids such as histidine, tryptophan, arginine, and lysine remain difficult 
targets of prebiotic synthesis (Miller 1998).

It is unknown when proteins or simple peptides became integral parts of biochemistry; 
however, heating concentrated aqueous amino acid solutions or heating amino acids in the 
dry state can give rise to peptides of various molecular weights depending on the condi-
tions of synthesis (Meggy 1954; Fox and Harada 1958; Cleaves et al. 2009).

In addition to the biological amino acids, abiotic synthesis may give rise to a vari-
ety of nonbiological amino acids, including N-substituted and β- and α,α-disubstituted 
amino acids, among other types, some of which are found in contemporary organisms 
(Figure  5.6) (Burton et al. 2012). It seems likely that abiotic synthesis provided some, 
but not all, of the coded amino acids in addition to many not found in coded proteins. 
Life’s use of the canonical 20 coded amino acids is thus likely the result of a protracted 
period of biological evolution (Weber and Miller 1981; Cleaves 2010). That this occurred in 
the context of biological systems is also likely because of the difficulty of stringing amino 
acids together abiotically to form long polypeptide chains. Once sufficiently robust oligo-
merization mechanisms were available, life would have been free to explore the combinato-
rial catalytic peptide space this innovation allowed access to.

5.6.3 Nucleic Acids

The same year that Miller published his pioneering result regarding abiotic amino acid 
synthesis, the double-helical model for the structure of DNA was published (Watson 
and Crick 1953), which effectively clinched the role of nucleic acids in the inheritance 
of biological mutations. There are two types of nucleic acids important in biological 
systems, DNA and RNA, linked by the processes of transcription and biosynthesis 
(Figure 5.1).

Not long after Miller’s and Watson and Crick’s discoveries, the search for abiotic mecha-
nisms for the synthesis of these important biochemicals began. Oró and Kimball showed 
that adenine, a biological purine, could be derived from the polymerization of aqueous 
HCN, of which it is formally a pentamer (C5H5N5) (Oró and Kimball 1961). The mechanism 
of this synthesis was soon elucidated, and shortly thereafter, syntheses of other important 
purines including guanine, and the biosynthetic precursors xanthine and hypoxanthine, 
were elaborated (Ferris and Orgel 1965, 1966) (Figure 5.11).
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All of these purines have now been identified in carbonaceous chondrites (Stoks and 
Schwartz 1979; Martins et al. 2008; Callahan et al. 2011), possibly validating this mecha-
nism making their widespread distribution in the early solar system extremely likely.

In the late 1960s, attention further turned to elucidating the abiotic synthesis of the other 
important class of biological nitrogen heterocycles, the pyrimidines (Ferris et  al.  1968) 
(Figure 5.12).

Cyanoacetylene (HCCCN), which had already been found to be a major product of the 
action of electric discharges acting on reduced C- and N-containing gas mixtures and 
implicated as a precursor to the aspartic acid detected in such reactions (Stanley 1957; 
Sanchez et al. 1966), and cyanate could serve as precursors to the synthesis of cytosine 
and uracil in aqueous solution (Ferris et al. 1968). Further development of this synthesis 
starting from cyanoacetaldehyde (OCHCH2CN) and urea or guanidine was found to give 
these and other pyrimidine derivatives (Robertson and Miller 1995; Robertson et al. 1996) 
(Figure 5.12).
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5.6.4 Sugars

While sugars have a variety of important roles in biochemistry, we will explore them here 
as the important components of nucleic acid backbones in the form of ribose and deoxy-
ribose. All canonical sugars share the empirical formula (CH2O)n, formally making them 
oligomers of formaldehyde (HCHO). Ribose, the sugar used in RNA, is but one of the 
isomeric pentamers where n = 5, as each sugar may contain a number of stereo centers. 
Early in the development of organic chemistry as an empirical science, it was found that 
basic solutions of formaldehyde could give rise to a complex mixture of compounds, which 
included various sugars (Butlerow 1861). The mechanism of this synthesis has since been 
explored extensively (Breslow 1959) (Figure 5.13).

Early in its consideration as a prebiotic process for the production of ribose and 
other sugars, it was pointed out that the extreme diversity of products the reaction 
gives rise to, as well as the ultimate instability of sugars under the conditions of syn-
thesis, may render this an implausible source of prebiotic carbohydrates (Reid and 
Orgel 1967; Larralde et al. 1995). Recently, there has been a resurgence of interest in 
this pathway as several new mechanisms have been discovered that produce a less 
diverse mixture, give rise to a higher yield of ribose, and importantly make the ulti-
mate sugar derivatives considerably more stable than they are in the free form (Prieur 
2001; Ricardo et al. 2004; Lambert et al. 2010). For example, conducting the reaction in 
the presence of borate selectively gives rise to a good yield of ribose–borate derivatives 
(Ricardo et al. 2004).
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5.6.5 Nucleosides and Nucleotides

The construction of nucleosides depends on the union of a nitrogenous base, via the cor-
rect linkage, with a sugar derivative. Some success in prebiotic synthesis has been achieved 
in this area. For example, it has been found that heating pure ribose with purines gives rise 
to small yields of purine ribosides, though a variety of isomers are produced (Fuller et al. 
1972) (Figure 5.14a). The equivalent reaction using pyrimidines does not work well, how-
ever. Recently, though, it has been found that a nonnatural pyrimidine can be linked under 
the same condition to give a pyrimidine nucleoside (Bean et al. 2007).

The phosphorylation of nucleosides to give nucleotides has been accomplished in a 
variety of manners that are conceivably prebiotic. Dry heating various mixtures of nucle-
osides in the presence of ammonium salts and orthophosphate or apatite and cyanate 
gives decent yields of pyrimidine nucleotides (Bishopet al. 1972; Schwartz 1972; Schwartz 
et al. 1973).

The limitations of the synthesis of pyrimidine nucleosides led Orgel and coworkers 
to examine other disconnects to find less obvious, unorthodox syntheses, which have 
been elucidated and explored further more recently (Sanchez and Orgel 1970; Powner 
et al. 2007) (Figure 5.14b). This approach is novel in that the sugar and nitrogenous base 
are constructed simultaneously and phosphate is incorporated prior to the completion 
of the nucleoside’s synthesis. This has proven effective for the pyrimidines, but to date, 
a complete analogous synthesis for the purine nucleotides has proven elusive (Powner 
et al. 2010).
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5.7 SUMMARY AND FUTURE DIRECTIONS
There are a variety of ways in which many of the organic compounds used in modern 
biochemistry could have been formed abiologically in plausible early solar system environ-
ments, including some beyond Earth. Not all of these compounds have proven equally easy 
to make, and some have resisted synthesis altogether. We have not reviewed here all of the 
compounds whose synthesis has been investigated, and it is likely that much remains to be 
discovered in this area.

There has been extensive work attempting to make higher-order structures, such as 
polypeptides and polynucleotides, from these relatively simple biological monomers, with 
mixed degrees of success (see, e.g., Cleaves 2008 and other contributions in that volume). 
Thus, Ganti’s dream of a minimal integrated set of systems remains well beyond the rather 
reductionist approaches explored by prebiotic chemists thus far.

It should be kept in mind that we do not know if the first living systems were composed 
of entirely different compounds and gradually adopted the modern components during the 
course of biological evolution. Indeed, analysis of carbonaceous meteorites and laboratory 
simulations has shown that often many thousands of compounds that are not important in 
modern biochemistry occur and are produced alongside those important in biochemistry 
(Schmitt-Kopplin et al. 2010; Vuitton et al. 2010), and this has been pointed out as a serious 
potential flaw in many models for the origin of life (Shapiro 1984, 1987, 1988, 1995). It is 
also becoming increasingly clear that a variety of other molecules can carry out the func-
tions of modern biopolymers (Egholm et al. 1992; Pinheiro et al. 2012), and it thus remains 
unclear whether biology has chosen the best solutions or perhaps only those that it man-
aged to access during its evolutionary development. Clearly a significant amount of work 
remains to be done in this most enigmatic aspect of biology.

GLOSSARY
Acyl phospholipid: A lipid in which typically glycerol is linked to two straight-chain fatty 

acids via acyl (ester) linkages. These are common components of bacterial and 
eukaryotic cell membranes.

Amino acid: An organic compound containing both an amino (–NH2) group and a car-
boxylic acid (–COOH) group. Biology uses a consistent set of these to make its 
coded proteins.

Archaebacteria: Unicellular microorganisms similar to bacteria in size and simplicity but 
evolutionarily more similar to eukaryotes. Many of them are extremophiles, and 
they exhibit a wide diversity of metabolisms.

Central dogma: An explanation of the flow of genetic information in biological sys-
tems. It holds that information flow in biological systems deals with the detailed 
 residue-by-residue transfer of information in biopolymers. It holds that informa-
tion  cannot be transferred back from protein to either protein or nucleic acid.

Detrital: Referring to grains or fragments of rocks that have been eroded from earlier rocks.
Isoprenoid: Any of a member of a large and diverse class of naturally occurring organic 

chemicals, also called terpenoids, biosynthetically derived from five-carbon iso-
prene units. They are the largest group of natural products.
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Nucleobase: A nitrogen-containing heterocycle used as a base-paring element in a nucleic 
acid. These can be pyrimidines or purines.

Nucleoside: A monomeric structural element of a nucleic acid consisting of a sugar (in 
biological nucleic acids, either ribose or deoxyribose) and a nucleobase.

Nucleotide: A monomeric structural element of a nucleic acid consisting of a sugar, a 
nucleobase, and a phosphate moiety.

Oxidizing atmosphere: A planetary atmosphere containing an excess of oxygen over 
hydrogen. Examples of planets in our solar system that have oxidizing atmospheres 
include Venus, Earth, and Mars.

Ozone: An inorganic compound with the chemical formula O3. It is an allotrope of oxy-
gen that is much less stable than O2. Ozone is formed from O2 by the action of UV 
light and atmospheric electrical discharges. Ozone plays a significant role in block-
ing ionizing UV radiation from the Sun.

Peridotite: A dense igneous rock, consisting mostly of olivine and pyroxene, containing 
less than 45% silica. It is high in Mg, with appreciable Fe. Peridotite is the domi-
nant rock of the Earth’s upper mantle.

Purine: A nitrogen-containing aromatic organic compound consisting of a fused six-
membered pyrimidine and five-membered imidazole ring system with variable 
exocyclic groups.

Pyrimidine: A nitrogen-containing aromatic organic compound consisting of a six- 
membered aromatic ring containing two nitrogen atoms with variable exocyclic 
groups.

Reducing atmosphere: A planetary atmosphere containing an excess of hydrogen over 
oxygen. Examples of planets in our solar system that have reducing atmospheres 
include Jupiter and Saturn.

Zircon: A silicate mineral with the chemical formula ZrSiO4. Zircon crystals are highly 
resistant to weathering and often include various other rare earth elements that 
give clues to their conditions of formation. As such, they can be used as markers of 
ancient geological processes.

REVIEW QUESTIONS
 1.  What factors would have affected the supply of organic compounds on the primitive Earth?

 2.  What are the major classes of biochemical compounds? Do you think all of these were 
required for the origin of life? If not, which ones do you think were crucial?

 3.  Based on the information presented here, what do you think would be the most ame-
nable environment for the origin of life?

 4.  Based on the information presented here, what do you think would be the most ame-
nable location in our solar system (besides Earth) to look for evidence of life?

 5. What traits or characteristics do you consider to be required for life?

 6. Describe the Miller–Urey experiment and explain why it was critical for astrobiology.
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 7. What are hydrothermal vents? What type of chemistry is going on there?

 8. Describe some of the classes of compounds that were found on Murchison meteorite.

 9. What are the difficulties in making sugars prebiotically?

10. Which of the syntheses presented is the most robust in your opinion?
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6.1 INTRODUCTION
At some point in the history of life on Earth, prebiological chemistry became biological 
chemistry. We know a great deal about the metabolic basis of life on Earth today, although 
details continue to emerge from active research. In contrast, our understanding of the 
transition that must have occurred between purely abiotic chemistry and a chemical sys-
tem (or systems) of sufficient complexity and novelty to be considered metabolically bio-
logical is sorely lacking.

One of the first scientists to ponder this question, at least in print, was the biochemist 
Norman Horowitz. In 1945, he proposed a general scenario in which a primitive metabolic 
system on the early Earth initially used only those abiotically produced organic compounds 
that were available in its environment. As abiotic production diminished and each of those 
compounds became depleted, the system began to accumulate their immediate chemical 
precursors and then to evolve catalytic capabilities for converting those precursors into 
the needed compounds. In this way, Horowitz imagined that metabolic pathways evolved 
in reverse, from end products back to the initial precursors used in modern metabolism.

Our understanding of metabolism today is orders of magnitude greater than that in 
1945. We realize now that the origin of biological metabolism, on the early Earth or in 
an extraterrestrial environment, must have been more complicated and convoluted than 
Horowitz’s scheme. To begin to piece together plausible scenarios for this transition, we 
must first look at the flow of mass and energy through contemporary biochemical systems 
and the catalysts and accessory compounds that enable this flow. We can then try to use 
the components of metabolism that are common to all life on Earth today to infer the 
metabolic pathways and components that existed in the last common ancestor of life on 
Earth. From there, we can begin to at least speculate about the composition of the first met-
abolic systems on Earth and how those putative systems fit into various models of prebiotic 
chemistry that have been proposed. Finally, we can try to use our understanding of past 
and present metabolism on Earth as a guide in the search for life elsewhere in the universe.

6.1.1 Overview of Central Metabolism Today

Before we explore metabolism in ancient ancestors of life on Earth, and what that metabo-
lism might tell us about the prebiotic Earth, it is necessary to point out a few features of 
metabolism today that will be relevant to the ensuing discussion. There is not space here 
for a complete review of modern biochemical metabolism; the reader unfamiliar with the 
topic is referred to the numerous biochemistry textbooks available (see the reference list at 
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the end of the chapter for some examples). The purpose of this section is to highlight cer-
tain features of metabolism that the reader needs to understand in general terms in order 
to be able to refer to them later in the chapter.

6.1.2 Logic of Central Metabolism

In general, each metabolic pathway functions primarily in either catabolism or anabolism 
(Figure 6.1). Catabolism is the breakdown of energy-containing molecules in order to con-
vert that energy into a form that can be used for biological processes. Catabolic metabolism 
generally involves the use of many different related nutrient molecules, which are broken 
down into a relatively small number of intermediate products. Anabolism is the use of cat-
abolic products for the synthesis of biomolecules such as amino acids, nucleic acid bases, 
and lipids. Anabolic pathways generally take a small number of building blocks, many of 
them products of catabolism, and assemble them into a wide variety of biomolecules. Some 
metabolic pathways, such as the tricarboxylic acid (TCA) cycle, are amphibolic, meaning 
they have both catabolic and anabolic functions.

In general, catabolic pathways are exergonic (net release of energy) while anabolic 
pathways are endergonic (net consumption of energy). The chemical energy of nutrient 

5–6 C compounds
(carbohydrates)

2–3 C compounds
(pyruvate, acetyl) Precursor compounds

(oxaloacetate, ketoglutarate)

Purines/
pyrimidines

Amino acids

Fatty acids

Nucleic acids Proteins

Lipids

CO2 + energy

Catabolism

Anabolism

FIGURE 6.1 Schematic of catabolic/anabolic relationships in modern organisms. In general, 
catabolic (energy-harnessing) processes proceed from top to bottom in the figure, while anabolic 
( biomolecule-synthesizing) processes proceed from bottom to top. C, carbon atoms.
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molecules is transferred by catabolic pathways to a set of energy carriers. Some of these 
are metabolic intermediates themselves, while others are strictly carriers that are recycled 
constantly and reused. These carriers then make possible the energy-consuming anabolic 
processes of biosynthesis. The most common intermediate energy carrier is adenosine tri-
phosphate, or ATP. The phosphodiester bond of the terminal phosphate group in ATP can 
be hydrolyzed to yield over 30 kJ/mol of free energy. Other phosphorylated intermedi-
ates such as phosphoenolpyruvate and 1,3-bisphosphoglycerate can also carry energy via 
phosphoester bonds. Oxidation–reduction (redox) cofactors such as nicotinamide adenine 
dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) carry reducing power 
(i.e., extra electrons), which is another intermediate form of chemical energy.

Both catabolism and anabolism use primarily two-carbon units. The major reason for this 
lies in the chemistry of carbon-containing compounds. It is mechanistically rather difficult, 
although not impossible, to form a carbon–carbon bond between 2 one-carbon molecules 
such as carbon dioxide (CO2), carbon monoxide (CO), or methane (CH4). With a two-carbon 
unit, on the other hand, one of the carbons can be oxidized to a keto (C=O) group, which is 
susceptible to nucleophilic attack by another sufficiently activated carbon, forming a C-C 
bond. It is also easier to break a long hydrocarbon chain into two-carbon units than one-
carbon units. By oxidizing alternating carbons to keto groups, β-keto structures can be 
formed, which are relatively labile to C-C bond breakage. This breakage results in an acetyl 
(CH3C=O) group, which can be transferred to carrier molecules with compatible functional 
groups, such as thiol (-SH) and amino (-NH2) groups, to form esters or amides.

6.1.3 Catalysts and Cofactors: The Tools of Metabolism

A catalyst is a substance that increases the rate of a chemical reaction without being consumed 
in the process. Metabolism requires catalysts, because many catabolic and anabolic reactions 
have very slow reaction rates under biological conditions. These catalysts are protein (for the 
most part) enzymes, which are composed of linear chains of amino acids, molecules contain-
ing both carboxylic acid (-COOH) and amino (-NH3) groups. The sequence of these amino 
acids is encoded in the genome of the organism. Some of these amino acids have reactive 
functional groups that participate in the catalytic mechanism of the enzyme. Others are rela-
tively inert and serve mostly structural purposes. All known enzymes can be grouped into 
one of six major classes, depending on the type of chemical reaction they catalyze (Table 6.1).

TABLE 6.1 Enzyme Classes as Defined by Enzyme Commission, 
International Union of Biochemistry

Enzyme Class Reaction Type Catalyzed

Oxidoreductases Redox
Transferases Functional group transfer
Hydrolases Bond hydrolysis
Lyases Addition across double bonds
Isomerases Isomerization
Ligases Bond formation with ATP cleavage
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Many metabolic enzymes require nonprotein molecules known as coenzymes or cofac-
tors. These molecules are either synthesized by other enzymes also encoded in the genome 
or taken up from the organism’s environment or food sources (the latter are known as 
vitamins). The major role of coenzymes is to provide chemical functional groups that the 
20 amino acids encoded by the genetic code do not possess. These functional groups are 
mainly involved in the transfer of other functional groups, or of electrons, between sub-
strate and product molecules (Table 6.2).

6.1.4 Catabolism

Glycolysis, also known as the Embden–Meyerhof pathway, is the central metabolic 
pathway in all organisms for the initial harvesting of chemical energy from carbo-
hydrates. The major starting substrate for glycolysis is glucose, which comes directly 
from the cellular environment or from hydrolysis of storage materials such as starch. 
Other monosaccharide sugars, such as fructose, galactose, and mannose, can also be 
used via conversion to glucose or other intermediates in the pathway. Glycolysis breaks 
down sugars in a multistep process into pyruvate, with a small net yield of chemical 
energy. This molecule can then be used for synthesis of biomolecules such as nucleic 
acids and proteins (anabolic metabolism, discussed in the following). Pyruvate can 
also be activated by one of the coenzymes, coenzyme A (CoA), to be used for further 
generation of chemical energy. When carbohydrates or other energy-rich substrates 
are unavailable, biochemical systems can break down fatty acids into acetyl groups and 
amino acids into keto acids, which can then be fed into catabolic pathways to recover 
some energy.

There are two phases in glycolysis. In the first phase (Figure 6.2a), glucose is activated by 
phosphorylation and then broken into 2 three-carbon intermediate products. This phase 
actually requires the expenditure of chemical energy in the form of two ATP molecules. 
The terminal phosphate groups from ATP, with their high-energy phosphoester bonds, are 
transferred to these intermediates.

TABLE 6.2 Prebiotically Relevant Enzyme Cofactors

Function Cofactor Active Structural Element

Electron transfer Nicotinamide adenine 
dinucleotide (NADH)

Nicotinamide

Flavin adenine dinucleotide (FADH2) Riboflavin
Metal ions Cu, Ni, Mo, W
Metal–nonmetal clusters Fe2S2, Fe2S4, Fe4S4

Chemical group transfer CoA Thiol
Folic acid Pterin
Lipoic acid Thiol
Pantothenic acid Thiol
Cobalamin Tetrapyrrole
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In the second phase (Figure 6.2b), the three-carbon intermediates are oxidized to pyruvate. 
The high-energy phosphate ester bonds formed in the first phase are transferred to adenosine 
diphosphate (ADP) to form four ATP molecules, while the electrons from the oxidation are 
captured by NADH for use in further ATP generation by other pathways. The direct generation 
of biochemical carrier energy, then, occurs only in the second half of the glycolytic pathway.
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In addition to glycolysis, glucose can be utilized via the pentose phosphate pathway. 
This pathway converts glucose-6-phosphate to ribose-6-phosphate, with the accompany-
ing production of NADPH (a cofactor similar to NADH). The reducing power of NADPH 
is used as energy to drive several anabolic reactions. Ribose-6-phosphate is used to synthe-
size ribonucleotides for incorporation into RNA and deoxyribonucleotides for incorpora-
tion into DNA.

The TCA cycle, also known as the citric acid cycle or the Krebs cycle, is the second major 
catabolic pathway common to all organisms (Figure 6.3). The major input to the TCA cycle 
is acetyl-CoA, which is produced from the pyruvate product of glycolysis. Pyruvate is 
decarboxylated to form an acetyl group plus CO2. CoA then forms a thioester with the ace-
tyl group, activating it for insertion into the TCA cycle. Acetyl-CoA can also be generated 
by fatty acid oxidation and some amino acid degradation pathways. The concentration of 
acetyl-CoA is one of the major indicators of the metabolic state of a cell.
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FIGURE 6.2 (continued) Glycolysis: (b) the second half, converting glyceraldehyde-3-phosphate to 
pyruvate and generating energy in the form of four ATP molecules.
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The main principle of the TCA cycle is the addition of the two-carbon acetyl group 
from acetyl-CoA to the four-carbon intermediate oxaloacetate to generate the six-carbon 
compound citrate. Subsequent reactions in the cycle oxidize citrate, removing two car-
bons as CO2 and generating electrons that are carried away by NADH for use in ATP 
generation. The end result is oxaloacetate, which is joined with another acetyl group to 
repeat the cycle. The TCA cycle can also receive other products of amino acid degrada-
tion pathways. These include TCA intermediates oxaloacetate, fumarate, succinyl-CoA, 
and α-ketoglutarate, as well as TCA precursors pyruvate and acetyl-CoA.

–O

O

O O

O–

O O–

O–

O

–O

O

OH

OH

O

O–

O

–O

O

–O

–O

O

O–

O

O

–O

O

O

O–

–O

O

O

SCoA

O

O–

O

–O

–O

O OH

O–

O

O

SCoA

Acetyl CoA

Oxaloacetate

Citrate

Isocitrate

α-Ketoglutarate

Succinyl CoA

Succinate

Fumarate

Malate
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subsequent oxidations and group transfers generate the reduced cofactor NADH, which can be 
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In contrast to glycolysis, in the TCA cycle, there is no activation of intermediates by 
phosphorylation and thus no direct ATP synthesis. The TCA cycle only generates energy 
indirectly, if coupled to other pathways such as oxidative phosphorylation. Oxidative phos-
phorylation, as the name implies, is only completely active in the presence of molecular 
oxygen. Basically, it involves the transfer of electrons supplied primarily by NADH along 
a chain of carrier molecules. The energy of this electron flow is used by many protein 
complexes to generate proton gradients across lipid membranes, which are then used to 
generate ATP. The details of oxidative phosphorylation need not concern us here, since it 
probably arose on Earth only after the advent of oxygenic photosynthesis and thus after 
the protobiotic period had past. It is important for the coming discussion, however, to note 
that several of the proteins involved in the electron transport chain have flavin or iron–
sulfur (Fe–S) cofactors.

6.1.5 Anabolism

Microorganisms can generally synthesize all amino acids, purine and pyrimidine bases, 
fatty acids, and enzyme cofactors from one- or two-carbon starting materials. Autotrophs, 
such as plants and some microorganisms, can synthesize all needed compounds from 
one-carbon inorganic sources such as CO2, CH4, or bicarbonate (HCO3

−). Heterotrophs 
must obtain energy and anabolic starting materials from compounds already synthe-
sized by other organisms. Higher organisms such as vertebrates often must depend on 
either diet or symbiotic microorganisms for so-called essential amino acids and cofactors 
(vitamins).

Purine and pyrimidine bases for use in nucleic acids are synthesized primarily from 
amino acids and one-carbon molecules (mediated mostly by folate-dependent enzymes). 
One-carbon chemistry, in contrast, is rare in amino acid biosynthetic pathways. Amino 
acids are synthesized primarily from TCA cycle intermediates through a number of 
branched anabolic pathways. Each pathway starts with one compound and leads to several 
amino acids, which are often referred to collectively as an amino acid family. Many of the 
TCA intermediates are either hydroxy acids or keto acids, both of which are relatively eas-
ily converted into amino acids by addition of an amino group and in some cases a round 
of oxidation. Fatty acid synthesis, for incorporation into lipids in membranes and other 
uses, involves the sequential addition of acetyl groups, from acetyl-CoA, onto a growing 
hydrocarbon chain (Figure 6.1).

6.2 METABOLISM IN THE LAST COMMON ANCESTOR
It is generally held that all life on Earth today is descended from a common ancestor. The 
similarity of the biochemical machinery and the genetic material among all known organ-
isms lends powerful support to this theory, even though 3 billion years worth of evolution 
has resulted in a wide variety in the details of genetic organization and biomolecular struc-
ture and function. Before we can look at the possible metabolic functions of the earliest 
biochemical systems on Earth, we need to consider what we know about the last common 
ancestor of modern biochemistry.
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The composition of the last universal common ancestor of all life on Earth, which we 
will refer to as LUCA, can only be inferred from available current data. Those data include 
primarily phylogenetic, but also some geochemical, evidence. The phylogenetic evidence 
lies in the evolutionary trees that can be constructed using the similarity (homology) 
between nucleotide sequences of genes, or amino acid sequences of the proteins coded for 
by genes, in modern species both closely and distantly related. The geochemical evidence is 
contained, for the most part, in stable isotope ratios of biologically important elements in 
ancient rocks. In both cases, the evidence is somewhat fragmentary and difficult to inter-
pret. Our picture of the metabolic functions of LUCA is thus really only a model, or a set 
of models, based on inference.

6.2.1 Size of the Genome

The overall size of model LUCA genomes varies quite a bit. Since the divergence of the 
three domains of life (Bacteria, Archaea, and Eukaryota) is generally considered to be an 
ancient event, comparisons of archaeal genomes with those of bacteria and eukaryotes 
have been used by numerous researchers to try to estimate the number of genes that LUCA 
might have contained. Some studies have suggested that the genome could have been as 
small as 92 genes, while others envision genomes as large as 1600–1800 genes.

The genome of the microorganism Methanococcus was the first archaeal genome to be 
fully sequenced, and comparison with bacterial and eukaryotic genomes led to an esti-
mate of approximately 300 universal genes that might have made up the LUCA genome. 
Another comparison of orthologous gene groups in a range of widely diverged genomes 
suggested approximately 600 genes in a LUCA model genome. Using an approach based 
on the coevolution of interacting proteins, the LUCA genome size was estimated by yet 
another study at 743 proteins.

A compilation of data from a number of these studies resulted in a mean LUCA genome 
size of approximately 400 genes. For comparison, the smallest known modern genome, 
that of the parasitic microorganism Mycoplasma, has around 500 genes. The overall pic-
ture from these studies seems to be that the size of the LUCA genome was probably com-
parable to the simplest extant organisms on Earth today.

6.2.2 Metabolic Functions

The percentage of inferred LUCA genes that code for metabolic enzymes varies from study 
to study. One analysis comparing genomes of bacteria, archaea, and yeast resulted in a 
putative LUCA genome in which 45 out of 115 genes are metabolic. Thirty-three of these 
45 genes involve either sugar or nucleotide metabolism. Another phylogenetic study iden-
tified approximately 300 highly conserved protein-coding genes, with about 100 of those 
coding for metabolic enzymes. Of these, the metabolically related genes were again pri-
marily involved in sugar and nucleotide metabolism.

Consensus LUCA genomes based on compilation of data from several studies that took 
sequence-, structure-, and function-based approaches included several classes of enzymes. 
One such class is oxidoreductases, which catalyze redox reactions. Also included are gly-
cosyl transferases, which act on sugars; phosphotransferases, which catalyze addition of 
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phosphate groups; and amino acid ligases. Analysis of the occurrence of various protein 
folding domains across modern species resulted in the identification of five particularly 
ancient domains. These include domains that hydrolyze nucleoside triphosphates, bind 
nucleic acids, bind nucleotide cofactors, and interact with Fe–S clusters.

It has also been pointed out that the glycerol derivatives used in both bacteria and archaea 
to synthesize membrane phospholipids are made from dihydroxyacetone phosphate (DHAP), 
a key intermediate in glycolysis. This suggests, assuming LUCA had phospholipid mem-
branes similar to those of modern bacteria and eukaryotes, that DHAP was available within 
the cell. This, in turn, indirectly suggests that most of the glycolytic pathway was operational 
in LUCA. Overall, the bulk of central metabolism has been inferred to have been strongly 
conserved in most model LUCA genomes. This includes amino acid and nucleotide synthe-
sis, lipid and coenzyme synthesis, as well as most glycolysis and TCA cycle enzymes.

The results of phylogenetic comparisons like these are not always unambiguous, how-
ever. In one putative genome, for example, the glycolytic enzymes enolase, pyruvate 
kinase, and phosphoglycerate kinase were all present, while phosphoglyceromutase and 
glyceraldehyde-3-phosphate dehydrogenase were absent. Phosphoglyceromutase is the 
enzyme that sits in the middle of the second phase of glycolysis (the energy-producing 
phase). How LUCA would have managed to carry out glycolysis without this step in the 
pathway is unclear.

6.2.3 Nitrogen Fixation in LUCA

A particularly interesting question about the functionalities present in the LUCA genome 
is whether nitrogen fixation genes were present. Nitrogen fixation, the reduction of molec-
ular nitrogen (N2) to the oxidation level of ammonia (NH3), is a very energy-intensive 
process and is active today in only certain microorganisms. However, since the current 
Earth environment is relatively deficient in reduced nitrogen, all life on Earth depends on 
these few species.

Did LUCA contain the machinery for nitrogen fixation? Perhaps the early Earth envi-
ronment contained sufficient supplies of at least partially reduced nitrogen species (NO, 
N2O, etc.) to allow the biosynthesis of amino acids, purine and pyrimidine bases, and 
other essential nitrogen-containing biomolecules without the reduction of N2. An exami-
nation of the molecular phylogeny of nitrogen fixation (nif) genes led to the conclusion that 
sequence similarity in all nif genes suggests an ancient single ancestor gene. Two scenarios 
were noted as possible: (1) LUCA was a nitrogen-fixing organism, and the nif genes were 
lost in eukaryotes after the three domains diverged; (2) LUCA was not a nitrogen-fixing 
organism, and the nif ancestor gene arose in methanogenic archaea and was then dupli-
cated and spread by horizontal gene transfer into bacteria and archaea.

It has been proposed that the ancestor of several nif genes could have been present in 
the LUCA genome, but not necessarily as part of a nitrogen fixation pathway. If the only 
nitrogen source present in LUCA’s environment was N2, then at least the ancestor nif gene 
would have been necessary for nitrogen fixation. However, an alternate scenario would 
have the ancestral nif gene product functioning as a cyanide detoxifying enzyme, in a 
more reducing environment where nitrogen was available as NO3

− , NO2
− , or even  NH4. 



130   ◾   Astrobiology

Phylogenetic  analysis of nif genes has, in at least one case, led to the conclusion that 
Mo-dependent nitrogenase is unlikely to have been part of the LUCA genome. This study 
concluded that the nif ancestor gene arose around 1.5–2.2 billion years ago (Ga), after the 
rise of atmospheric oxygen levels (around 2.5 Ga).

Molybdenum, tungsten, and copper are key metal cofactors in a number of enzymes, 
including nitrogenase. It has been observed that copper and molybdenum have low solu-
bilities in a low-oxygen environment, such as that in which LUCA probably lived, while the 
solubility of tungsten is somewhat better. At least some subfamilies of complex Fe–S molyb-
doenzymes, including reductases for carbon dioxide, polysulfide, and nitrate and oxidases 
for arsenite, appear to have been present in LUCA based on molecular phylogenetic analysis. 
Perhaps ancestral enzymes used W instead of Mo (the two elements have similar  chemistry) 
or perhaps obtained Mo from alkaline environments like hydrothermal vents.

Nitrogen stable isotope ratios in sedimentary organic matter reach modern values in 
2.1 Ga rocks but are lighter in rocks from 3.5 to 2.1 Ga time range. This suggests that 
the presence of biological N2 fixation pathways in the Archaean era is possible, but not 
clearly indicated. Nitrogen isotope values in 2.5 Ga shale suggest that biological nitrifying 
and denitrifying pathways were in existence prior to O2 accumulation in the atmosphere. 
Kerogen from 2.67 Ga shale has nitrogen isotope ratios that indicate presence of coupled 
nitrification and denitrification pathways. Nitrogen limitation may have been a problem 
for organisms after oxygenic photosynthesis arose, perhaps around 2.6 Ga.

One hypothesis is that reduced nitrogen was supplied completely by abiotic nitrogen 
fixation, that is, the conversion of N2 to NO by lightning-induced atmospheric chemistry 
in the period from approximately 4 Ga to about 2.2 Ga. The decrease in output from this 
chemistry as the atmospheric oxygen level rose could have resulted in a nitrogen crisis that 
could have spurred the evolution of biological nitrogen fixation. The overall picture, then, 
seems to be that nitrogen fixation was probably not part of the metabolism of LUCA.

6.2.4 Was LUCA a Real Species?

Carl Woese, one of the pioneers of molecular phylogenetic analysis, proposed that LUCA was 
not in fact one discreet species as we understand that concept today. His idea was that what 
we call LUCA was in fact a consortium of protocells, with different genes and functions, that 
acted as a sort of superorganism in order to carry out all the functions needed for survival 
and reproduction. In this scenario, there would have been much swapping of genetic mate-
rial between protocells, a process we now call lateral (or horizontal) gene transfer. This lateral 
gene transfer would have, over time, allowed each subpopulation of protocells to accumulate 
a different set of genes for useful functions and thus slowly become a recognizable, genetically 
distinct species that could live independently. In Woese’s scenario, true species did not appear 
until after the divergence of the three domains of life—Archaea, Bacteria, and Eukaryota.

6.3 METABOLIC PREDECESSOR TO LUCA
In constructing a model for the metabolic functions of the LUCA of all current life on 
Earth, molecular phylogeny of existing species at least provides some guidance. In contrast, 
for the biological or protobiological systems that existed before LUCA, the phylogenetic 
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methods discussed earlier cannot be used, since by definition any system predating LUCA 
is not related to all extant species. The only available data from which to work are putative 
chemical traces, as deciphered from Archaean geochemical data, and educated guesses 
about the minimum number and type of metabolic pathways needed for a chemical system 
to function as a metabolic one. We can, however, assume that any complex biochemical 
function or pathway that was (probably) not present in LUCA was also (probably) not 
present in its (presumably simpler) predecessors. Nitrogen fixation, which we have already 
more or less ruled out in LUCA, would be in this category. To look back before LUCA, 
then, involves mostly inferences from basic chemical and biochemical principles about 
what metabolic pathways might have been possible.

6.3.1 Use of Terms

When discussing the emergence of life on Earth (or elsewhere for that matter), the termi-
nology used can be problematic. The phrase origin of life, which has been used for many 
years to describe this general field of study, seems to suggest a clear dividing line between 
nonliving and living systems, a concept that is not totally consistent with all major theories 
in the field. The definition of life itself has been vigorously debated, without the emergence 
of a clear consensus. The terms species, cell, and organism also carry specific connotations 
about the genetic and/or structural makeup of the system being described.

In this discussion, we will try to avoid the preconceptions that these terms carry by 
using the (admittedly somewhat awkward) term first metabolic system (FIMS). The defini-
tion of FIMS we will use is that of one or more chemical systems that carried out at least 
a significant subset of the general metabolic functions that are common to all biological 
cells today. These would have included at least some anabolic reactions and perhaps some 
catabolic ones as well. In keeping with the overall theme of the chapter, we will not dwell 
on the nature of the genetic material of FIMS, nor will we ponder the thorny question of 
whether FIMS was capable of true Darwinian evolution.

6.3.2 Relationship between LUCA and FIMS

The relationship between LUCA and FIMS was both temporal and compositional. There 
are three possibilities. The first is identity, that is, the FIMS on Earth was also the last com-
mon ancestor of all extant life. The hypothesis that FIMS was also LUCA seems rather 
unlikely. As we have seen, even the most conservative models of the composition of LUCA 
paint it as a quite complex system, a true organism. A system like this would be very dif-
ficult to imagine arising directly from purely prebiotic chemical reactions.

The second possibility is that of close relationship, that is, the emergence of FIMS led 
rapidly to LUCA. A rapid transition from FIMS to LUCA, with only a few intermediate 
steps, is perhaps a bit more conceivable. It has been pointed out that on a geological time 
scale, the origin of life was probably a relatively swift event (or series of events). Of course, 
swift in geological terms could still refer to a period of up to a few hundred million years.

The third possibility is that of a distant relationship, that is, there were numerous itera-
tions of FIMS before a system emerged that was sufficiently biological to have been the 
ancestor of all life on Earth. This is probably the most likely of the three possibilities and 
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the one that informs most current thinking. In this scenario, the existence of a number of 
increasingly complex and capable metabolic (and possibly genetic) systems would have, 
over some time period, ultimately led to LUCA. If FIMS and LUCA were only distantly 
related, then the metabolic pathways present in LUCA may not have all been present in 
FIMS. It is possible that some pathways present in some species today were also present 
in FIMS but were lost on the evolutionary road to LUCA, only to be reinvented later by 
some of LUCA’s descendants. It is also possible that there existed simultaneously multiple 
distinct versions of FIMS, some of which eventually contributed components to LUCA and 
others of which did not.

6.3.3 Minimum Requirements for a Metabolic System

The minimal set of functions needed by any primitive metabolic system would be heav-
ily influenced by the environmental conditions in which the system operates. If signifi-
cant amounts of abiotically produced small metabolic precursors are available, then the 
minimum required anabolism would mostly involve polymerization or condensation reac-
tions to form larger molecules. Abiotic amino acids might be condensed into peptides, 
for example, or purine and pyrimidine bases incorporated into nucleic acid analogs. If 
soluble organic compounds with significant energy content (e.g., simple carbohydrates or 
organophosphates) are available abiotically, then catabolism would only need to be het-
erotrophic, breaking up molecules to harness their chemical energy. Autotrophic carbon 
fixation would not be needed.

Conversely, if abiotic organics are not readily available from the environment, then 
anabolic processes would have to start with inorganic carbon, probably CO2 but perhaps 
CO or CH4, and would have to synthesize any soluble organic compounds needed by the 
system. These compounds could include molecular catalysts, information-carrying mol-
ecules, and components of compartment structures. In this case, heterotrophic catabolic 
processes would be limited to scavenging of organic compounds, such as unneeded side 
products or damaged molecules, initially produced by autotrophic carbon fixation.

Much of our understanding of the minimum requirements for a metabolic system 
comes from endosymbiotic microorganisms that inhabit the blood or digestive tract of 
higher organisms. These species, including members of the genera Mycoplasma, Rickettsia, 
and Chlamydia, absorb many necessary compounds from their hosts. They have around 
150–180 essential genes that are common to them. These include genes for enzymes in the 
glycolysis and pentose phosphate pathways, as well as enzymes that synthesize nucleo-
tides, phospholipids, and a number of coenzymes. However, these organisms do not syn-
thesize fatty acids, amino acids, or most purine and pyrimidine bases. These compounds 
are obtained from the environment inside the host.

So are these endosymbionts a viable model for FIMS? Perhaps, if the environment in 
which FIMS existed was relatively rich in abiotically produced organic compounds such as 
amino acids and fatty acids. An environment like that would be similar to the one in which 
these organisms now live, and so we could infer that the metabolic capabilities that are suf-
ficient for them would also have been sufficient for FIMS. Conversely, if the environment 
was significantly poorer in abiotic organics than the bloodstream of a vertebrate animal, 
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for example, then FIMS would probably have needed more anabolic capability than the 
endosymbionts currently possess. Of course, if FIMS were, for example, a system that 
used ribozymes as catalysts instead of protein enzymes, amino acids would not have been 
vital. The same would have been true for phospholipids, if FIMS did not contain a lipid 
membrane.

It has also been pointed out that not all extant metabolic pathways are chemically mini-
mal. In other words, in some cases, it is possible to envision pathways from one intermedi-
ate to another that would be chemically possible but contain fewer steps than those that 
have evolved over time. A few such shortcut pathways exist in some modern organisms, in 
fact. One example is the Entner–Doudoroff pathway. This alternate pathway is activated 
in some microorganisms under certain conditions and converts glucose-6-phosphate to 
glyceraldehyde phosphate and pyruvate in only four steps. This is in contrast to glycoly-
sis, which uses nine steps for the same transformation. It seems possible, then, that FIMS 
could have carried out the same general catabolic and anabolic functions we see in biology 
today but with fewer pathway steps and thus fewer required enzymes. However, any meta-
bolic system that we would recognize as such would appear to require roughly 100 genes/
enzymes/pathway steps in order to function.

On the issue of nitrogen fixation, it seems relatively safe to assume, at least, that the 
complex proteins coded for by the nif genes were not part of FIMS. It also seems relatively 
safe to assume that the early Earth environment at the time of FIMS was at least as reduc-
ing, if not more so, than that at the time of LUCA. Since we have tentatively concluded that 
LUCA probably did not fix molecular nitrogen because it did not need to, it is logical to 
extend that conclusion to FIMS as well.

6.3.4 Alternate Metabolic Pathways

There are a small number of alternate metabolic pathways in existence today in some organ-
isms that have been suggested as possibly primitive (Table 6.3). One possible FIMS pathway 
is the reductive TCA (rTCA) cycle. This pathway is used for autotrophic carbon fixation in 
a few bacterial species today. This cycle reduces CO2 to various anabolic building blocks, in 
a general reversal of the overall scheme of the regular (or oxidative) TCA cycle.

Although most of the intermediates are shared between the oxidative and rTCA 
cycles, different enzymes are required at several key steps in the reductive cycle that are 
irreversible in the oxidative pathway. A FIMS using the rTCA cycle would have been 
reductively autotrophic, carrying out functions such as redox, carboxyl transfer, hydro-
lysis/dehydration, phosphorylation/dephosphorylation, amination (addition of an amino 

TABLE 6.3 Proposed Alternate Pathways for Protometabolism

Pathway Starting Materials Products

Reductive TCA Oxaloacetate, 2CO2 Citric acid and other TCA 
intermediates

Acetyl-CoA CoA, 2CO2 Acetyl-CoA
3-Hydroxypropionate/4-hydroxybutyrate Acetyl-CoA, CO2 Two acetyl-CoA
Dicarboxylate/4-hydroxybutyrate Acetyl-CoA, CO2 Two acetyl-CoA
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group to a molecule), and acylation (addition of an acyl group to a molecule). The inter-
mediates in the rTCA cycle are used mostly to synthesize anabolic cofactors, amino acids, 
nucleotides, and other intermediates in anabolic pathways.

The acetyl-CoA, or Wood–Ljungdahl, pathway occurs in a sizeable number of prokary-
otic species today and involves the conversion of two carbon dioxide molecules to an acetyl 
group attached to CoA. The first CO2 is reduced initially to formate, then in subsequent 
steps to the oxidation level of a methyl group. The enzymes that catalyze these steps all 
have folate cofactors. The second CO2 fixed is reduced to CO (via a Ni-cofactor enzyme) 
and attached to the methyl group to form acetyl-CoA. The acetyl-CoA can then be used 
to generate ATP. This pathway is exergonic overall. In addition to the folate and Ni cofac-
tors, several of its steps are catalyzed by enzymes containing Fe–S clusters. The early Earth 
settings proposed for the emergence of this pathway are mostly hydrothermal systems, 
which contain abundant molecular hydrogen and sulfides. The H2 could have served as an 
electron donor and CO2 as an electron acceptor for an early metal-catalyzed version of the 
acetyl-CoA pathway.

The 3-hydroxypropionate/4-hydroxybutyrate pathway and dicarboxylate/4-hydroxybu-
tyrate pathway are two related carbon-fixation pathways that are used by a few autotrophic 
archaea. Each pathway starts with one acetyl-CoA and fixes two carbons, from CO2 and/or 
bicarbonate (HCO3

−). The dicarboxylate/4-hydroxybutyrate pathway uses a series of dicarbox-
ylic acid intermediates to form succinyl-CoA, while the 3-hydroxypropionate/4-hydroxybutyr-
ate pathway uses 3-hydroxypropionate and related intermediates to form the same compound. 
Both pathways then convert the succinyl-CoA into acetoacetyl-CoA via 4-hydroxybutyrate 
and related compounds. The acetoacetyl-CoA then is split (with a second CoA molecule) to 
yield two acetyl-CoA molecules.

The carbon stable isotope signatures generated by these alternate carbon-fixation path-
ways have been determined experimentally. The rTCA and 3-hydroxypropionate (3-HP) 
pathways result in δ13C values of 0 to −20 per mil, while the acetyl-CoA pathway gener-
ates values of −10 to −45 per mil. Carbon in rocks from the 3.8 Ga Isua formation shows 
fractionations consistent with rTCA/3HP, although some ambiguities in these δ13C mea-
surements exist. South African rocks from 3.5 Ga are more consistent in δ13C with the 
reductive pentose phosphate pathway (Calvin cycle) as in modern photosynthesis.

6.3.5 Overall Picture of FIMS

The alternate metabolic pathways discussed earlier are all essentially autotrophic. In the 
event that the early Earth environment was relatively poor in abiotically-generated reduced 
organic compounds, autotrophy of some type would have probably been necessary for any 
system that could be considered metabolic to sustain itself. The pathways involved would 
have been mostly anabolic. On the other hand, if there were significant amounts of reduced 
organics supplied to the early Earth by either endogenous or exogenous sources, then 
FIMS could have existed on heterotrophic reactions. These pathways would certainly have 
included catabolism, to harvest the energy contained in carbon–carbon bonds. Some ana-
bolic pathways would probably have also been necessary, to generate specific compounds 
not produced in adequate amounts by abiotic processes.
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The molecular composition of FIMS, in terms of small molecules that we would identify 
as metabolic intermediates and anabolic building blocks, is of key importance in relating 
early metabolism to the prebiotic environment. Researchers have examined the connec-
tivity of pathways in Escherichia coli and found 12 metabolites with the highest values. 
These were presumed to be ancient. They include the amino acids glutamate, glutamine, 
aspartate, and serine. Also in this set of compounds are the central metabolic intermedi-
ates pyruvate, α-ketoglutarate, succinate, and 3-phosphoglycerate and the enzyme cofac-
tors CoA and tetrahydrofolate. It has been suggested that metal ions could have been used 
as cofactors by primitive enzymes, regardless of whether those enzymes were proteins or 
nucleic acids. The coevolution of genetic material (RNA) and metabolic pathways would 
seem to require abiotic synthesis of amino acids, purine and pyrimidine bases, and two- 
and three-carbon metabolic intermediates.

The FIMS could also have been chemolithoautotrophic, that is, deriving energy from 
mineral sources. It has been suggested that such a system could have used the reaction 
of FeS and H2S to produce FeS2 (pyrite) and H2. A primitive hydrogenase enzyme could 
then have used the generated H2 to produce a transmembrane proton gradient that an 
equally primitive ATPase would have used to make ATP. Anabolic pathways would have 
been fed by fermentation of environmentally available carbon compounds. A number of 
redox proteins—molybdopterin-containing reductases and oxidases, some FeS-containing 
hydrogenases and reductases, and NiFe redox proteins—appear from molecular phylogeny 
and protein structural similarity to have diverged before the clear appearance of LUCA. 
Molecular hydrogen and perhaps arsenite could have been used as electron donors by these 
early redox enzymes.

6.4  CLUES TO THE PREBIOTIC CHEMICAL ENVIRONMENT 
FROM METABOLISM THEN AND NOW

The number and variety of hypotheses that have been put forward for the transition from 
prebiotic chemistry to protometabolism, that is, FIMS, are almost staggering. Many of 
these are discussed in detail elsewhere in this book. We will now examine a few of the 
major hypotheses in light of our previous discussion of the possible metabolic constitu-
ents of FIMS, LUCA, and metabolism today. Our primary goal is to see if similarities can 
be found between the chemistry postulated for each model and that seen in biochemical 
metabolism.

6.4.1 Hypotheses Involving Iron and Sulfur

The Fe–S world model is a set of hypotheses about the origin of life that postulate a cen-
tral role for Fe–S and/or nickel–sulfur (Ni–S) minerals. They are autotrophic, generally 
speaking, because they all involve fixation of carbon from inorganic sources to form 
simple organic molecules. One such scenario, proposed by Gunter Wachtershauser and 
also referred to as the surface metabolism model, requires no initial input of abiotically 
produced organic compounds. In this model, the surface of Fe–S or Ni–S minerals such 
as pyrrhotite serves as a catalyst for the reduction of carbon monoxide and/or hydrogen 
cyanide to simple carboxylic acids and amino acids. The reducing power is provided by 
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molecular hydrogen from submarine hydrothermal systems, and the conversion of pyr-
rhotite to pyrite (FeS2) furnishes the chemical energy required.

A number of enzymes contain Fe–S clusters that are part of the catalytic mechanism 
of the enzyme. These clusters can be as simple as one iron bound to the sulfurs of four 
cysteines that are part of the protein structure in rubredoxin or as complex as Fe3S4, Fe4S4, 
and Fe6S6 clusters in proteins such as ferredoxin, aconitase, nitrogenase iron protein, and 
high-potential Fe–S protein. Most of the Fe–S proteins serve as electron-transfer catalysts, 
in electron-transfer chains such as photosynthesis and oxidative phosphorylation. Also of 
note is the presence of the Fe–S enzyme aconitase in both the oxidative and rTCA cycles; 
it catalyzes one of the low-energy, reversible steps that is the same in both directions of 
the pathway.

It is interesting to note that, in experimental tests of the surface metabolism model, 
nickel sulfides seem to be more efficient than iron sulfides at catalyzing carbon fixation 
from CO or HCN. This is notable because the enzyme acetyl-CoA synthase, which con-
tains both Fe and Ni cofactors, is involved in the acetyl-CoA pathway discussed previously. 
Also of interest is the observation that, while only one enzyme in modern higher organ-
isms uses Ni as a cofactor, several enzymes in prokaryotes are Ni dependent, and many of 
these are involved in one-carbon metabolism (i.e., carbon fixation from CO2) or produc-
tion of energy from H2.

The thioester world model of Christian de Duve envisions abiotically produced 
thioesters of protobiotic monomers, such as amino acids, as the activated building 
blocks for polymer (e.g., peptide) synthesis. According to the model, thioesters of inor-
ganic orthophosphate could have transferred the chemical energy of the thioester bond 
to the synthesis of pyrophosphate, which could have served a function analogous to 
ATP in modern metabolism. The model also suggests a transition from a protome-
tabolism based only on thioesters and random peptides to an RNA world-type system. 
This proposed transition would be consistent with the nucleotide-containing structure 
of CoA.

The enzyme cofactors CoA (Figure 6.4) and lipoic acid (Figure 6.5) have thiol groups 
that form thioesters in the process of acyl group transfer and activation. The central place 
of CoA in both catabolic and anabolic metabolism in all known species on Earth is a per-
suasive data point supporting the contention that thiol chemistry has been involved in 
metabolism since at least FIMS. All the alternate pathways for anabolism in FIMS previ-
ously discussed make use of CoA. But CoA is a complex molecule, comprised of ADP and 
phosphopantetheine structures. Generation of such a complex compound in FIMS, much 
less in a protometabolic system, is difficult to imagine.

Lipoic acid, on the other hand, consists of a cyclic disulfide group, a short hydrocarbon 
chain, and a carboxylic acid group, which in modern proteins is coupled to a lysine side 
chain. The synthesis of lipoic acid or a close analog in a protometabolic thioester or sur-
face metabolism scenario is much easier to picture. Modern enzymes containing lipoic 
acid include pyruvate dehydrogenase and α-ketoglutarate dehydrogenase, which transfer 
acyl groups to CoA in glycolysis and the TCA cycle. This relationship suggests the inter-
esting idea that perhaps lipoic acid or a similar simple thiol might have been the original 
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FIGURE 6.5 Lipoic acid, oxidized form. The disulfide bond between the two sulfur atoms in the ring 
can be broken to form two thiol groups, which can then form thioesters and transfer acyl groups.
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activating coenzyme for acyl groups in a protometabolic system or perhaps even in FIMS. 
CoA, with its nucleotide components, could have been added into growing pathways as 
nucleic acid biosynthesis became common, eventually becoming the single most impor-
tant activating compound in central metabolism.

6.4.2 RNA World Hypotheses

The RNA world model put forth by Gilbert and others proposes that the FIMS was com-
posed almost entirely of nucleic acids. These molecules would have served as both catalysts 
and information carriers. One particular version put forth by Steven Benner envisions 
three stages. The first stage would have involved an RNA-only system without significant 
protein component. This would have then been followed by a more complex system con-
taining some simple proteins synthesized by RNA. Finally, LUCA would have appeared, 
with a protein–DNA biochemistry similar to that of modern organisms.

The modern enzyme cofactors NAD+, NADP+, FAD, and CoA all have ribonucleotide 
subunits in their structures. The Fe–S cluster protein ferredoxin also interacts with both 
NADP+ and FAD cofactors in the electron transport chain in contemporary photosynthesis. 
This has led to proposals of a linkage between metal–sulfur/thioester protometabolism and 
RNA- or RNA-analog-based systems. It has also been inferred from phylogeny that at some 
stage of the RNA world tetrapyrrole synthesis evolved, leading to the early use of cobala-
min as an enzyme cofactor for one-carbon transfer reactions.

It is not clear, however, that a protobiotic system based on catalytic nucleic acids would 
have necessarily used ribose as the sugar in the backbone, since the prebiotic availabil-
ity of ribose is somewhat problematic. For linkage between the RNA world model and 
contemporary metabolism, we are probably best served looking at the modern biosyn-
thetic pathways for purine and pyrimidine bases. The precursors for de novo synthesis of 
purines are aspartate, glycine, formate, glutamine, and CO2. With the exception of gluta-
mine, all these compounds are quite plausible components of the prebiotic environment, 
either from exogenous delivery or endogenous production. The only part of glutamine 
that is used in purine synthesis is the amide nitrogen, so simpler and more prebiotically 
plausible analogs such as acetamide can be envisioned as substitutes. The enzymes in this 
pathway use folate coenzymes at two steps, with Fe involved in one step, but not thiol 
coenzymes such as CoA. De novo pyrimidine synthesis involves three precursors, aspar-
tate, CO2, and glutamine (the amide nitrogen). Enzymatically, one step requires both 
NAD+ and FAD cofactors, as well as an Fe4S4 cluster in the relevant enzyme. A couple 
of other steps in this pathway have at least some dependence on metal ions such as Zn2+, 
Co2+, or Cd2+.

6.4.3 Low-Temperature/Atmospheric/Extraterrestrial Prebiotic Synthesis Hypotheses

The classical view of prebiotic chemistry, in broad overview, involves the abiotic synthe-
sis of small organic molecules by atmospheric and low-temperature aqueous processes, 
combined with the delivery to the Earth’s surface from meteorites and interplanetary dust 
particles. Although a number of biologically relevant classes of compounds have been syn-
thesized or detected from these sources, the amino acids have always been a major focus. 
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They are relatively abundant in carbonaceous meteorites and are easily synthesized in a 
variety of prebiotic simulation experiments with a wide range of initial reactants.

Of the 20 amino acids encoded by the genetic code in modern organisms, however, 
not all have been synthesized prebiotically or identified in extraterrestrial material. The 
basic amino acids, lysine, arginine, and histidine, are notably absent, along with the aro-
matic amino acids phenylalanine, tyrosine, and tryptophan. It is at least conceivable that 
the earliest peptides and proteins did not contain these amino acid groups and could have 
still carried out at least some catalytic and structural functions.

Looking to modern amino acid anabolic pathways, we see that several of the most abun-
dant prebiotic amino acids are not only the most abundant in modern proteins but are also 
near the beginning of branched pathways that lead to multiple other amino acids. Aspartic 
acid is the precursor for the amino acids asparagine, methionine, threonine, isoleucine, 
and in some organisms lysine. Glutamic acid is the first amino acid made in the anabolic 
pathway beginning with α-ketoglutarate (a TCA cycle intermediate); other amino acids 
downstream in this pathway are glutamine, proline, arginine, and in some cases lysine. 
Alanine is the first product of the pyruvate anabolic pathway, which also leads to valine 
and leucine.

These metabolic arrangements are certainly in part due simply to chemical structure; the 
most common prebiotic amino acids are also some of the smallest and most structurally 
simple, so they are natural precursors of the more complex amino acids. They are also eas-
ily synthesized from central metabolic intermediates such as pyruvate and α-ketoglutarate, 
which would be abundant in both modern biochemical systems and any protobiotic sys-
tems that involved the rTCA cycle or similar alternate anabolic pathways. But the same 
principle also should govern abiotic synthesis; it is usually the case that the simplest mem-
bers of any compound class are produced in highest yield by nonspecific organic chemi-
cal reactions. So while it is certainly possible that the position of certain amino acids in 
modern metabolism indicates that they were readily available from abiotic sources on the 
early Earth, it is difficult to conclude this definitively from metabolic arrangements alone.

The established prebiotic sources of purine bases, such as adenine and guanine, are in 
general more robust than those of pyrimidines, such as cytosine, thymine, and uracil. 
Purines have been easier to make in prebiotic simulations and have also generally been 
found to be more abundant in meteorites. It is interesting to note that, in the modern 
anabolic pathways leading to nucleotides, purine bases are assembled one or two carbons 
at a time on the ribose structure; free purine bases only exist in modern biochemistry 
as a result of nucleic acid degradation. In contrast, pyrimidine bases are synthesized as 
free compounds, with aspartate and bicarbonate as starting materials, and then attached 
to ribose.

This suggests an interesting possibility for a FIMS version containing nucleic acids. If 
purines were available abiotically to FIMS, but pyrimidines were not, then it would have 
been necessary for FIMS to evolve a pyrimidine synthesis pathway before one for purine 
synthesis. If ribose had not yet been incorporated as the backbone sugar of nucleic acids, 
it would stand to reason that the pyrimidine synthesis pathway would have evolved inde-
pendently of the specific sugar involved, as we see today. If purine biosynthesis, on the 
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other hand, evolved later, after abiotic purines had been depleted in the environment and 
also after ribose had been locked in to nucleic acid structure, it would also make sense that 
the purine pathway would have evolved to build the base onto the ribose molecule rather 
than initially synthesizing it in free base form.

The implications of modern carbohydrate catabolism for the possible prebiotic chemistry 
of carbohydrates are also interesting. Most prebiotic carbohydrate synthesis studies have 
focused on ribose, in the context of the RNA world model. However, the chemistry of form-
aldehyde in aqueous solution (often referred to as the formose reaction) has been shown to 
yield a range of carbohydrates of varying sizes. Glyceraldehyde is one of these compounds. 
This is potentially interesting from the metabolic point of view because phosphorylated 
glyceraldehyde is the intermediate at what might be thought of as the midpoint of gly-
colysis. The glycolytic reactions upstream from glyceraldehyde-3-phosphate (Figure 6.2a) 
consume energy, while those downstream from it (Figure 6.2b) generate two ATP mol-
ecules plus one NADH molecule per molecule of glyceraldehyde-3-phosphate. It is possible 
to envision a protometabolism in which abiotically produced glyceraldehyde was used as 
an energy source via reactions similar to the second half of glycolysis. The pathway from 
glucose to glyceraldehyde-3-phosphate could have evolved much later, as monosaccharides 
became available through the advent of photosynthesis.

6.4.4 Vesicle-World Hypotheses

A distinct set of alternatives to the prebiotic/protobiotic models already discussed is what 
might be generally termed the vesicle-world models. The simplest version involves the accu-
mulation of soluble organic compounds in vesicles formed by abiotically produced amphi-
philic compounds such as fatty acids. An autotrophic version invokes simple chromophores 
such as polycyclic aromatic hydrocarbons to harvest photons and generate ion gradients. 
These would be coupled to the synthesis of amphiphilic molecules, which would form lipid 
bilayer vesicles in which the chromophores are embedded. Reproduction would occur by 
physical division of the vesicles as they reached a certain size, with the molecular compo-
nents of the metabolic system partitioned between the resultant vesicles by physical diffusion.

Fatty acid synthesis in modern biochemistry is a very complex process. It involves large 
multienzyme complexes that build the fatty acid chains by the addition of two-carbon 
acetyl groups. As one might guess, CoA is heavily involved in this process, as is the phos-
phopantetheine cofactor of acyl carrier protein. The role of these two thiol cofactors could 
be taken as suggestive of some type of hybrid protometabolism incorporating elements of 
the thioester and vesicle models.

6.4.5 Overall Picture of Metabolism and Prebiotic Chemistry

A number of modern metabolic components share chemistry with some, but not all, of 
the prebiotic scenarios. The cofactors NAD/NADH and FAD/FADH2 have ribonucleotide 
structural components. The Fe–S clusters in numerous enzymes have similar structures 
to  minerals. Many of the simpler metabolic intermediates, as well as some products such 
as amino acids and purine/pyrimidine bases, also appear to various degrees in multiple 
prebiotic schemes.
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The one component of biochemical metabolism today that seems to be at least some-
what related to all the prebiotic hypotheses discussed earlier is CoA. It is a thiol that forms 
thioesters, its structure contains a ribonucleotide, its pantothenic acid component has had 
a low-temperature amino acid–based prebiotic synthesis suggested for it, and it is involved 
in the synthesis of fatty acids. In short, it is the one key metabolic compound that could 
fairly easily be pictured as a descendant of any of the chemistries involved in any of the 
major prebiotic theories that are operational today. That does not mean, of course, that 
CoA as we know it now was present in the earliest metabolic systems; it only suggests that 
at least some of its structural and functional groups would have been a plausible part of 
them. In fact, the varied components of CoA might be a hint that multiple FIMS with dif-
ferent chemistries coexisted for a time and then merged, folding several discrete compo-
nents into a single central metabolic molecule for the sake of efficiency.

Before we finish our discussion of the implications of metabolism for prebiotic chemis-
try, we need to consider nitrogen fixation one more time. Most of the biomolecules we have 
examined as either prebiotic or protometabolic components contain nitrogen atoms. These 
nitrogen atoms are all at lower oxidation states than those in molecular nitrogen (N2). The 
reason it is important for prebiotic chemistry that (apparently) neither LUCA nor FIMS 
contained the capability to reduce molecular nitrogen is that this tells us that the prebi-
otic environment contained at least some reduced nitrogen compounds. Otherwise, these 
metabolic systems would not have been able to synthesize nitrogen-containing biomol-
ecules. Whether those reduced nitrogen compounds were generated primarily by atmo-
spheric processes, such as lightning-driven chemistry, or by mineral-catalyzed reactions 
in hydrothermal systems is unclear. What does seem relatively clear is that N2 was not the 
only form of inorganic nitrogen on the early Earth.

6.5  SEARCHING FOR EVIDENCE OF METABOLISM 
IN EXTRATERRESTRIAL ENVIRONMENTS

The environment of the early Earth has long since been replaced by the planetary envi-
ronment in which we live today. In addition to a small amount of geochemical evidence 
from that period, and laboratory simulations of possible early Earth chemistry, our best 
chance of truly understanding the advent of metabolism on Earth may be to search for 
it on other planets. There is a certain paradoxical nature to such an effort. We search for 
extraterrestrial forms of metabolism in order to define what is truly necessary for the sim-
plest such systems to exist. But in order to intelligently design and carry out such a search, 
we must make assumptions about the nature of the basic metabolic systems that we seek 
to find. This paradox has led to the proposal and/or application of a number of different 
approaches to the detection of extraterrestrial metabolism.

6.5.1 Anabolism or Catabolism of Carbon

Probably the most specific approach to the search for metabolism in an extraterres-
trial environment is the attempt to directly detect catabolic or anabolic processes. This 
approach is exemplified by two of the Viking life detection experiments, the labeled release 
and pyrolytic release experiments. The labeled release experiment looked for catabolism 
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by heterotrophic organisms by supplying 14C-labeled nutrient compounds to Martian soil 
and monitoring for release of radioactive CO2 as a product of pathways similar to glycolysis 
and the TCA cycle. The pyrolytic release experiment looked for anabolism by autotrophic 
organisms by supplying radiolabeled CO2, allowing any organisms present to fix that car-
bon into high-molecular-weight compounds, and then heating the sample to convert those 
compounds back into detectable 14C-containing gaseous molecules.

This approach has the major limitation that it can only detect active metabolic pro-
cesses in extant organisms. It assumes that an extraterrestrial metabolism is carbon-based, 
although this assumption is probably a safe one. It also assumes that the metabolic rates 
of extraterrestrial organisms are similar to terrestrial ones, an assumption that may not be 
valid given the generally lower-temperature regimes relative to Earth on most solar system 
bodies that might harbor life. Even more problematic is the potential for biological meta-
bolic processes that involve redox reactions to be mimicked by abiotic redox chemistry. 
This appears to have been the case for the Viking experiments, although that conclusion is 
still the subject of some controversy.

6.5.2 Chemical Disequilibrium

A less specific metabolism detection approach is the search for chemical disequilibrium. 
Metabolism can be thought of as the harnessing of energy by biological systems to maintain 
themselves in disequilibrium with their environment. A number of different approaches to 
disequilibrium detection have been either proposed or deployed. These include the Viking 
gas exchange experiment and the proposed spectroscopic searches of extrasolar planetary 
atmospheres. Both of these approaches involve attempts to detect nonequilibrium gaseous 
products of metabolism. Biogenic minerals, those formed as byproducts of microbial met-
abolic processes but not by abiotic geochemical reactions, have also been investigated as 
potential indicators of life.

These chemical disequilibrium approaches also primarily detect extant metabolism, 
although some biogenic minerals may be stable enough to serve as fossil biomarkers. 
While the search for disequilibrium has fewer inherent assumptions than the search for 
specific carbon metabolism, it also has more possible abiotic mimics. These include radia-
tion-driven chemical processes in atmospheres and on icy surfaces, which can produce O2, 
nitrogen oxides, and other molecules that can also be products of metabolism. Other con-
cerns include geochemical reactions that have kinetic barriers that greatly slow, or prevent 
entirely, the attainment of equilibrium in mineral systems.

6.5.3 Metabolic Product Distribution

An alternative approach to the direct attempt to detect metabolism is the search for dis-
tinctive distributions of metabolic products. The gas chromatography/mass spectrometry 
instruments on the Viking and Curiosity Mars spacecraft, as well as the analysis of Mars 
meteorites and other extraterrestrial samples for organic compounds, are examples of this 
approach. The metabolic synthesis of discrete classes of compounds generally results in 
only some of the chemically possible homologs and isomers in that class. Abiotic synthesis, 
on the other hand, typically results in all possible compounds within a class, in abundances 
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that generally decrease logarithmically with the number of carbons (and perhaps nitro-
gens) in the molecule. The comparison of biological amino acid compositions with the 
abiotically produced contents of carbonaceous meteorites is a notable example.

In the case of chiral biomolecules such as amino acids, an enantiomeric excess can also 
be indicative of biological metabolism. It is generally held that any complex biochemical 
system would require the use of enantiomerically pure monomers, such as amino acids, for 
the synthesis of polymers such as proteins that have catalytic activity based on 3D binding 
specificity. Abiotic synthesis, on the other hand, almost always produces equal amounts of 
enantiomers (a racemic mixture). Stable isotope ratios can also be used to identify products 
of metabolism. Enzymatically catalyzed synthesis reactions often fractionate carbon and 
nitrogen atoms by mass due to the differing bond strengths associated with different iso-
topes. This is particularly true for photosynthesis but also is seen in amino acid and other 
biosynthetic pathways. Abiotic synthetic reactions, particularly those that take place at low 
temperatures, have very different (and generally much heavier) stable isotope signatures 
than metabolic products.

These approaches also assume carbon-based metabolism, but are not automatically 
restricted to extant and active systems. Their ability to detect extinct metabolic systems, 
however, can be limited by the degradation of organic compounds in some environments 
over time. This degradation can be complete, as in oxidation of organics to volatiles such as 
CO2 by environmental oxidants. It can also be partial, resulting not in destruction of meta-
bolic products but in their alteration to other molecules that may in some cases resemble 
products of abiotic chemistry. It has been suggested that the suite of polycyclic aromatic 
hydrocarbons detected in several meteorites from Mars may be an example of this problem.

GLOSSARY
Note: All standard biochemical terms are defined/explained in the text as they were 
encountered first.

Abiotic: Produced by or from nonbiological chemical or other processes.
Amphibolic: Metabolic pathway that has both synthetic (anabolic) and energy-producing 

(catabolic) functions.
Amphiphilic: Molecule with both hydrophobic or nonpolar and hydrophilic or polar 

functional groups.
Anabolic: Pathway that functions to synthesize biomolecules.
Archaea: One of the three domains of life; single-celled microorganisms with no cell 

nucleus; most live in extreme environments.
Archaean era: Period in Earth’s history from 4 to 2.5 billion years ago; period during 

which the origin of life on Earth is generally thought to have occurred.
Autotrophic: An organism deriving all biomolecules from simple inorganic compounds 

present in the environment and all energy from light or chemical reactions in the 
environment.

Bacteria: One of the three domains of life; single-celled microorganisms with no cell 
nucleus; most live in common environments.
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Biogenic mineral: Mineral that is produced by biologically driven chemical reactions and 
does not normally occur in the absence of biology.

Biomarker: Chemical compound or mineral that forms as the result of biological pro-
cesses and is used as evidence for the presence of biology in a given environment.

Carbon fixation: The process of incorporating one-carbon molecules such as carbon 
dioxide into multicarbon biomolecules such as carbohydrates.

Carbonaceous meteorite: Meteorite containing unusually high levels of abiotically syn-
thesized organic material.

Catabolic: Pathway that functions to break down organic molecules in order to release 
chemical energy.

Chemolithoautotrophic: Organism that derives energy from mineral compounds or 
materials.

Chromophore: Molecule that absorbs light in the visible or ultraviolet spectral regions.
Coenzyme (or cofactor): Molecule that has a role in the catalytic mechanism of an 

enzyme, but that is not part of the protein structure of the enzyme itself.
Delta C-13 (δ13C) value: Measurement of the 12C/13C ratio in a molecule or sample, rela-

tive to a standard carbonate mineral.
Enantiomer: One of two non-superimposable mirror-image isomers of a compound with 

a chiral center.
Endergonic: Chemical reaction in which products have higher total energy than reactants.
Endosymbiont: Organism that lives within the body or cells of another organism and 

derives nutrients or other advantages from the association.
Eukaryota: One of the three domains of life; single- or multicellular organisms with a cell 

nucleus.
Exergonic: Chemical reaction in which reactants have higher total energy than products.
FIMS: First metabolic system, the earliest chemical system on Earth that contained either 

catabolic or anabolic pathways.
Ga: Giga-annum, billion years before present.
Glycolysis: The metabolic pathway in all extant organisms that converts glucose and other 

sugars into pyruvate, with the production of chemical energy.
Heterotrophic: An organism deriving all biomolecules and all energy from organic com-

pounds synthesized by other organisms.
Homologous: Genes or proteins in different biological species having shared ancestry.
Horizontal (or lateral) gene transfer: Transfer of genes between organisms via nonrepro-

ductive mechanisms.
Hydrothermal vents: Submarine geological systems in which seawater is heated by vol-

canic activity, often accompanied by high concentrations of dissolved minerals.
Iron–sulfur world: A set of hypotheses for the origin of life on Earth in which carbon–

carbon bond formation and other prebiotic chemistry are catalyzed by Fe–S min-
erals such as pyrite.

Kerogen: High-molecular-weight organic material formed by polymerization and 
alteration of smaller organic compounds under elevated temperatures and 
pressures.
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LUCA: Last universal common ancestor, the species that is the common genetic ancestor 
of all extant and extinct species of life on Earth.

Metabolism: A set of chemical reactions, usually occurring in living cells, that allows 
organisms to harness chemical energy and synthesize necessary biomolecules.

Molecular phylogeny: The evolutionary relationships between species as indicated by 
their hereditary similarities and differences in genetic material.

Nitrification: Oxidation of ammonia into nitrates and nitrites; usually biologically mediated.
Nitrogen fixation: Reduction of molecular nitrogen into ammonia or organic amine 

compounds.
Nucleophilic: Chemical group that is attracted to electron-deficient regions of a molecule.
Orthologous: Homologous genes descended from the same ancestral sequence separated 

by a speciation event.
Phosphoester bond: Bond formed between a phosphate group and a hydroxyl group; a 

phosphodiester bond (as in DNA and RNA) contains one phosphate participating 
in two phosphoester bonds.

Phospholipid: Molecule composed of two fatty acids or other nonpolar molecules, joined 
by a polar molecule containing a phosphate group; major component of biological 
membranes.

Phosphorylation: Formation of chemical bond between a phosphate group and another 
chemical group such as a hydroxyl group.

Phylogenetic: Referring to the evolutionary relationships among groups of organisms, 
genes, or gene products.

Prebiological: Related to the chemistry that preceded and led to the origin of life on Earth.
Protobiological: Related to the chemistry of systems on the early Earth that shared at 

least some characteristics with modern biochemistry, but were not unambiguously 
biological.

Protometabolism: Groups of chemical reactions that occurred in protobiological systems 
and served metabolic functions.

Purine and pyrimidine bases: Cyclic organic molecules containing nitrogen that are part 
of nucleic acids; their sequence in DNA carries the genetic code.

Racemic mixture: A sample containing equal amounts of two enantiomers of a chiral 
compound.

Redox: Abbreviation for oxidation–reduction; commonly used to identify enzymes that 
catalyze electron-transfer reactions.

Ribonucleotide: Nucleotide containing the sugar ribose.
Ribozyme: A molecule of RNA that is capable of catalyzing a chemical reaction in a simi-

lar fashion to a protein enzyme.
RNA world: A set of hypotheses for the origin of life on Earth in which RNA was the first 

true biomolecule and had both catalytic and genetic functions.
Stable isotope ratio: The ratio in a sample or compound of the stable (nonradioactive) 

isotopes of a given element.
Tetrapyrrole: Nitrogen-containing cyclic organic molecule that can bind to metal ions 

such as iron or cobalt; serves as cofactor in numerous enzymes.
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Thioester world: A subset of the Fe–S world hypotheses for the origin of life on Earth 
in which chemical energy is stored in thioester bonds between organic acids and 
thiol compounds.

Tricarboxylic acid cycle: The metabolic pathway in all extant organisms that uses acetyl 
groups generated by glycolysis or other pathways along with organic acids to gen-
erate chemical energy.

Vesicle: Spherical bilayer structure formed in aqueous solutions from abiotically pro-
duced amphiphilic compounds such as fatty acids.

Vesicle-world hypothesis: A set of hypotheses for the origin of life on Earth in which 
the earliest protometabolic systems were vesicles that carried only catalytic and 
energy-harvesting components without any genetic material.

REVIEW QUESTIONS
 1. Describe the basic differences between catabolic and anabolic pathways.

 2.  Which type of pathway generally involves the oxidation of carbon? The reduction of 
carbon?

 3.  Compare the maximum and minimum sizes of model LUCA genomes with the small-
est known modern genomes.

 4. What is the smallest known modern genome in a free-living (nonparasitic) organism?

 5.  Rank the following nitrogen-containing molecules in the order of decreasing nitrogen 
oxidation state: NO2, NH3, N2, NO2. What is the source of each in the Earth’s atmo-
sphere today?

 6. All the major alternate metabolic pathways suggested for FIMS are autotrophic. Why?

 7.  In the alternate pathways, to what form is CO2 reduced? What is typically the carrier 
of this molecule? Are there other plausible carriers for this molecule?

 8.  If several protometabolic systems, using different alternate pathways, existed at the 
same time on the early Earth, would they have competed with each other for resources? 
If so, for which resources?

 9.  What type of change in environmental conditions might have caused one of these pro-
tometabolic systems to outcompete the others and thus form the basis for the metabo-
lism of LUCA?

10.  What chemical structures or functional groups would a precursor of CoA require in 
order to function? Are there other plausible prebiotic molecules that have the required 
structures or groups?

11.  Are there functional groups in the structure of RNA that, without modification, could 
serve any of the functions now carried out by enzyme cofactors? What modifications 
to RNA would be needed for it to fill all these functions?
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C h a p t e r  7

Roles of Silicon in Life 
on Earth and Elsewhere

Joseph B. Lambert and Senthil Andavan Gurusamy-Thangavelu

7.1 CARBON AND LIFE
The science fiction media have a penchant for referring to life on Earth as being carbon 
based. Indeed, the chemical materials that constitute living substances are univer-
sally based on carbon-containing molecules that we refer to as organic compounds. 
Molecules that make up living tissue, that provide genetic information, that generate 
energy for life, and that catalyze chemical reactions within organisms share the uni-
versality of carbon as the fundamental atomic building block. In infinite variety, car-
bon atoms bond covalently to other carbon atoms to form chains and rings, in which 
the carbon atoms usually are capped with hydrogen atoms and occasionally are inter-
spersed with other atoms, referred to as heteroatoms, such as oxygen, nitrogen, sulfur, 
and phosphorus.

Carbon is the ideal atom for the formation of varieties of stable, complex substances 
for several reasons. Because of its electronic structure and placement in the periodic table, 
carbon has a valence of four and hence can form four different bonds. Similarly, nitrogen 
can form only three bonds in its neutral forms, and oxygen only two. In a numbers game, 
two carbons singly bonded to each other still have six opportunities for further bonds, 
whereas two nitrogens have four and two oxygens only two. Carbon thus has an advantage 
in terms of variety and complexity.
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Those four bonds of carbon have to be as far apart as possible to avoid repulsions between 
the electrons in the C-C bonds. Therefore, the four bonds of carbon protrude into three 
dimensions, as in 1,

C

C

C
C

C
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C

C

C C

C

2

rather than remaining in a plane, as in 2. The three-dimensionality of carbon bonding 
(its stereochemistry) generates important ramifications that are beyond the scope of this 
presentation. The four bonds of the central carbon are fully illustrated in 1. For visual sim-
plicity, the bonds of the outer carbons are not. They could be bonded to hydrogen atoms, 
to other carbon atoms, or to heteroatoms. In the tetrahedral arrangement of 1, each C-C 
bond is as far as possible from any other C-C bond, resulting in C-C-C angles of about 
109°. In 2, the angles are 90°, so the bonds are closer and electronic repulsion between the 
bonds is larger. Intermediate or smaller angles also offer greater repulsions than the opti-
mal stereochemistry of 1.

The C-C bonds illustrated in 1 are called single or sigma (σ) bonds, and the system is 
said to be saturated. Carbon also has the ability to form multiple bonds, which take the 
forms of, for example, the molecular fragments in 3 and 4.

C O
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Again, the bonds of the outer carbons are left to the imagination. Such systems are said to 
be unsaturated. In 3, two central carbon atoms are doubly bonded to each other. Although 
these carbons still have four bonds, they are attached to only three other atoms. For dou-
bly bonded carbon, C-C-C angles of 120° provide the least repulsion between electrons, 
that is, the C-C bonds are as far apart as possible. Bond angles of 120° require the result-
ing six-atom piece of 3 to be planar. The two central carbons in 3 are shown to be bonded 
to other carbon atoms, but alternatively, they could be bonded to hydrogen atoms (H, as 
in >C=CH2), which are univalent and terminate the chain. In 4, the central carbon atom 
is doubly bonded to an oxygen atom to form the carbonyl group. Since neutral oxygen is 
divalent, it has no further bonds. The additional electrons in the atomic structure of oxy-
gen, needed to achieve an octet, reside in nonbonding orbitals, or lone pairs, as depicted 
by the two pairs of dots in 4.
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Carbon also can form triple bonds (-C≡C- or -C≡N:), arrangements that are extremely 
stable and are found in interstellar space. The angle between the bonds attached to the triple 
bond is 180° in order to achieve the greatest distance and the least electronic repulsion. As a 
result, a triply bonded system is linear (compared with planar for doubly bonded and tetrahe-
dral for singly bonded). The carbon–nitrogen triple bond, called the nitrile or cyano group, is 
a biochemical precursor for the nucleobase adenine, a common constituent of nucleic acids.

Although nitrogen and oxygen also can bond to each other and catenate (form 
chains), their lone pairs repel each other strongly. The resulting molecules, such as 5

O O

C C

6

N N

C

C

C

C

5

(a hydrazine) and 6 (a peroxide), are relatively unstable because of repulsions between adja-
cent lone pairs. Further bondings are shown to carbon, but they also could be to hydrogen 
(as in HOOH, hydrogen peroxide, and NH2NH2, parent hydrazine). The additional bond-
ings of the illustrated carbon atoms are omitted in 5 and 6. Note that nitrogen, bonded 
to three other atoms, completes its octet with a single lone pair, and the oxygens, bonded to 
two other atoms, have two lone pairs. Thus, hydrazines and peroxides, the respective build-
ing blocks of nitrogen-based and oxygen-based systems, are highly energetic and subject 
sometimes to explosive decomposition. Both have been used as rocket fuels.

Bonds formed by carbon are quite strong. Bond energy (the heat required to decompose 
1 mol of a molecule into its constituent atoms) is one measure of bond strength (Rappoport 
and Apeloig, 1998). Carbon–carbon single-bond energies average about 83 kcal mol−1, 
and  carbon–hydrogen bonds are even stronger (ca. 100 kcal mol−1). In contrast, the 
 oxygen–oxygen bond energy is only about 40 kcal mol−1 because of the repulsions between 
lone pairs. Since less energy is required to break O-O and N-N bonds, hydrocarbons are 
more stable than hydrazines and peroxides. Moreover, C-C bonds are remarkably inert to 
attack by acids and bases, two of the most common reaction-initiated species. Thus, single 
bonds between carbons have good thermodynamic strength (inherent stability) and low 
kinetic reactivity (propensity to undergo chemical reactions).

Bending back upon themselves, saturated carbon chains can form 3D rings

H

H
H

H

H

H
H

H

H

H

7

H

H

H

H

H

H

8

H

H

H

H

H

H

9



152   ◾   Astrobiology

(7, a molecule known as cyclohexane). Unsaturated carbon chains can form 2D rings 
(8, benzene, which often is represented as 9 to emphasize the equivalence of all the ring 
C-C bonds). In the representations of 7 and 8, carbon atoms are present wherever two 
lines (representing bonds) come together. The atomic letters are omitted to make the struc-
tures less crowded. In common representations, even the hydrogen atoms and the bonds 
to them are omitted.

In summary, saturated carbon–based molecules are constructed in three dimensions 
from C-C single bonds (1), interspersed occasionally with oxygen atoms to form ethers 
(C-O-C), or with nitrogen atoms to form amines (C-N-C, plus one more bond to N, 
not shown). Planar structures are formed from double bonds (3), in which one of the 
atoms occasionally is replaced by oxygen to form the carbonyl group (4) or by nitrogen 
to form the imine group (>C=N:). Directly bonded oxygen and nitrogen atoms gener-
ally are avoided (5 and 6). Saturated and unsaturated rings (7, 8, and 9) add complex 
variations.

From these simple rules, the molecules of earthly life are generated. Carbohydrates 
have saturated rings of five or six atoms, of which one always is oxygen. Proteins are 
chains containing repeated arrangements of carbonyl groups directly bonded to carbon 
on one side and to nitrogen on the other (10, in which the wiggly lines indicate multiple 
repetition of the same structure on both sides).

O

C
N CH

RH

10

The letter R represents an unspecified organic entity. Nucleic acids are composed of five-
membered carbohydrate rings on which an unsaturated ring (the nucleobase) derived from 
benzene (8 and 9) of varying ring size is substituted and with carbons often replaced by 
nitrogen or carbonyl groups. The carbohydrate rings in nucleic acids are connected through 
phosphate linkages at two points to generate complex chains. Carbohydrates, proteins, and 
nucleic acids are probably the most important classes of molecules required for life, but 
there are many others, including lipids such as steroids and prostaglandins, all made from 
carbon-based building blocks.

7.2 BONDING PROPERTIES OF SILICON
The basic tenets of the periodic table of elements dictate that atoms in a column have simi-
lar properties. Group 16 starts with oxygen and continues down with sulfur, selenium, 
and tellurium. The most common bonding arrangement for all these elements, when 
neutral, is bivalency, as in ethers (R-O-R, in which R represents an organic  grouping). 
There is a trend toward higher valencies (numbers of bonds) in the lower regions of the 
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periodic table, as numbers of electrons accumulate. The atoms in group 15 are nitrogen, 
phosphorus, arsenic, antimony, and bismuth, with trivalency the dominant pattern in the 
lighter elements, as in amines (R3N:). Carbon tops group 14, followed by silicon, germa-
nium, tin, and lead. Here, the preferred arrangement is tetravalency for neutral species, 
and again, higher valencies are found increasingly with the heavier elements. Thus, the 
simplest organic compound (11, methane) has a strong resemblance to the simplest 
organosilicon compound (12, silane).
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H

At first glance, it would seem that silicon could slip into the same roles as carbon and 
provide silicon analogues of all the molecules of life. In this fashion, silicon would 
replace carbon in silicon-based carbohydrates, proteins, and nucleic acids. Nature has 
given silicon an enormous advantage in terms of availability. On Earth’s lithosphere 
or crust, silicon is the second most abundant element (27%–28%), after oxygen. In 
contrast, despite the richness of life, carbon is present in less than 0.2% of the Earth’s 
crust. earthlike objects (our Moon, Mars, Venus, Mercury) have similar crustal com-
position to Earth’s. Thus, silicon would seem to have two factors that should be favor-
able to its use as the building block of life—similar valencies to carbon and wide 
availability.

Despite these favorable factors, reality is quite different. On Earth, silicon has never 
been identified in a single compound in a living system. The bonding properties of silicon 
in fact militate against its use in biochemical molecules. A common aspect of all such mol-
ecules is the presence of unsaturation. Carbohydrates are formed from aldehydes, which 
are defined by the presence of a carbonyl group attached to hydrogen (HC=O). Proteins 
require the peptide linkage illustrated in 10, which contains a carbonyl group, in this case 
part of the amide functionality. Nucleic acids contain carbohydrate rings, which again 
require the carbonyl group. Attached to the carbohydrate rings in nucleic acids are side 
rings related to benzene (the nucleobase). They contain C=C, C=O, and C=N double 
bonds. Photosynthesis is the basis of life for many organisms, whereby carbon dioxide in 
the atmosphere is converted to carbohydrate rings. Carbon dioxide (O=C=O) contains 
two double bonds. Thus, unsaturation is a fundamental structural motif in carbon-based 
biological molecules.

Whereas unsaturation is common in the world of carbon, it is nearly absent in the 
world of silicon. When organic chemists started creating compounds in which carbon is 
replaced by silicon, they quickly synthesized a host of saturated organosilicon compounds 
with Si-Si, Si-C, and Si-O single bonds, but none with double bonds to a silicon atom. 
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Eventually,  it was realized that multiple bonding with silicon is much weaker than with 
carbon, for two reasons. First, bond lengths increase with increasing atomic number, so that 
elements lower in the periodic table have longer bonds. Thus, Si-Si bonds are about 2.33 Å, 
C-Si bonds about 1.82 Å, and C-C bonds about 1.54 Å. When double, or pi (π), bonds 
form, the p orbitals must be able to interact through side-by-side overlap, as illustrated in 13

13 14

C C C Si

for the C=C bond. This is the main distinction between σ bonds, in which orbitals interact 
face on, and π bonds, in which the orbitals interact side by side. The corresponding orbitals 
for a C=Si bond are considerably farther apart (14). As a result, they interact more weakly, 
and the resulting double bond is weaker. For the Si=Si bond, the situation is even worse. 
There is a second factor working against the C=Si bond, because the interacting orbitals 
are of considerably different sizes (resulting from the atomic sizes). The carbon p orbital fits 
poorly with the silicon p orbital in 14, so that overlap is further diminished. Organosilicon 
chemists were frustrated for many decades in their efforts to synthesize unsaturated sili-
con systems. When they finally were successful, the compounds proved to be relatively 
unstable. To this day, the silicon–oxygen double bond (Si=O) has not been prepared in 
a stable compound. Thus, the silicon analogue of the carbonyl group is singularly absent 
even in the synthetic world, so that the analogues of carbohydrates, proteins, and nucleic 
acids cannot exist. The basic building blocks of carbon-based life are absent in the silicon 
world. To make matters worse, the silicon analogue of carbon dioxide (O=Si=O) contains 
two unstable double bonds and has never been prepared, so there could not be silicon-
based photosynthesis.

When unsaturated compounds are removed from biochemistry, only molecules with sin-
gle bonds are left. Still, nature seems to ignore silicon even in this context. Concatenations 
of C-C single bonds are called alkanes. In the living world, lipids including fats, waxes, 
and steroids contain significant segments of saturated C-C bonds, but equally important 
are their unsaturated components, for which no silicon analogue would be stable. The sili-
con analogues of alkanes have long chains of silicon atoms (-Si-Si–Si-Si-) and are called 
polysilanes. Like alkanes, they also can be branched or cyclic. Just as a biochemistry based 
on alkanes alone is hopelessly limited, a polysilane biology would be even more limited. 
Life requires metabolic reactions and the ability to reproduce. These functions involve the 
reactions of unsaturated molecules and are beyond the capabilities of saturated molecules. 
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Moreover, organosilanes generally are less stable than alkanes, both thermodynamically 
(inherent stability) and kinetically (propensity to react with other molecules). The Si-Si 
bond energy is about 75 kcal mol−1, some 10 kcal mol−1 less than that of C-C bonds. In 
addition, Si-Si bonds are reactive with acids, bases, and light, whereas C-C bonds are 
much less so. Organosilanes have neither the ability nor the stability to serve as the start 
for a silicon-based biochemistry. Bonds between silicon and carbon (Si-C) are slightly 
less stable (ca. 80 kcal mol−1) than those between carbons, and such bonds are particularly 
sensitive to attack by bases. Alkanes are composed of alkyl groups, of which the simplest 
is methyl (CH3), followed by ethyl (CH3CH2), and so on. The Si-H bond is extremely reac-
tive under numerous conditions, in stark contrast with the C-H bond. Thus, the silicon 
analogue of the methyl group (SiH3) is not a practical constituent of biological molecules 
and similarly for other alkyl analogues.

Thus, silicon bonds in nature seem to be frustrated at every approach, with serious 
problems arising with Si=Si, Si=O, Si=C, Si-Si, Si-C, and Si-H bonds. There is an 
exception, however, in that bonds between silicon and oxygen (Si-O) are extremely strong 
(ca. 110 kcal mol−1). Pauling (1980) attributed this unusual strength to higher ionicity and 
partial double bonding. Because silicon is electropositive and oxygen is electronegative, 
there is considerable positive charge buildup on silicon and negative charge buildup on 
oxygen, resulting in the resonance hybrid of Si-O ↔ Si+ O–. The atoms attract each other 
and create a stronger bond. Pauling’s double bonding may be illustrated by the resonance 
structures of a four-atom fragment, Si-O-Si-O ↔ Si+ O=Si− O, but the contribution 
may be less important than Pauling thought. The Si-O bond still can be characterized 
as covalent rather than ionic. Molten sand, made up of many Si-O bonds, for example, 
is not a conductor. The high availability of silicon and oxygen in the Earth’s crust and the 
strength of the bond between them result in the widespread occurrence of silicate miner-
als, which constitute 90% of the Earth’s crust. Silica or sand is given the formula of SiO2, 
but this formula does not indicate structure but rather atomic ratios. On average, there are 
two oxygens for every silicon because of their difference in valence. Much of the field of 
mineralogy in fact is a study of silicate species. The very strength of the Si-O bond, how-
ever, works against its use as a biochemical building block, because the bond is so stable. 
The silicate minerals of terrestrial planets and moons result from the thermodynamic sink 
of the Si-O bond.

Another reflection of the poor bonding characteristics of silicon is its low occurrence in 
interstellar space (Pascoli and Comeau, 1995; Ziurys, 2006). Whereas dozens of molecules 
containing carbon have been identified spectroscopically, there is only a handful of silicon 
molecules, including SiC, SiN, SiO, SiS, SiCN, SiNC, SiC2, SiC3, and SiH4, five of which also 
contain carbon.

7.3 SILICON AND LIFE ON EARTH
Although there has not been a single organosilicon compound found indisputably in living 
organisms, inorganic silicon in the form of silica (SiO2) is not uncommon. Silica provides 
support structure to certain marine organisms such as diatoms, radiolarians, and sponges, 
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playing a role similar to calcium carbonate in shells and hydroxyapatite in mammalian 
bones. Silica occurs in many other organisms, also providing a structural role (Epstein, 
1999; Pryer et al., 2004; Liu et al., 2013). Rice husks, for example, contain 20% or more 
of silica, which is being exploited as a starting material for elemental silicon used in the 
electronics industry. The ancient vascular plant called the horsetail (genus Equisetum) 
also contains a relatively large amount of silica and has found uses as an abrasive. Silica-
containing plants leave a residue of silica in the ash both after combustion and follow-
ing natural decomposition. In the nineteenth century, some of these residues were named 
 phytoliths (Greek for plant stone). Today, archaeologists and paleoecologists use the mor-
phology of phytoliths left after natural plant decay to identify species in the ancient biologi-
cal environment (Fritz, 2005; Piperno, 2005).

The fact that many organisms can extract natural silica from the sea and the ground 
and rework it as a biological material implies that there is a biochemical process for uptake 
and conversion. Surely, these processes involve the formation of some types of silicon-
containing intermediates, but to date, they have not been found. The enzymes involved 
in these processes have been termed silicateins, by analogy with proteins, which process 
carbon-based materials. The details of these biochemical processes remain murky, but it is 
reasonable that Si-O bonds remain intact and it is possible that Si-C bonds never form 
(Shimizu et al., 1998; Müller et al., 2013).

There are many different structural possibilities for materials containing Si-O or 
Si-C bonds. First, in the inorganic world without carbon (when all the heavy atoms are 
silicon and all the silicon atoms are attached to four oxygen atoms), the substance is a 
silicate (silica, sand, or quartz minerals). When some silicon atoms in silicate are replaced 
by aluminum as aluminosilicates, still in the absence of carbon components, the material 
is clay. The complex chemistry of silicates may provide opportunities for roles of silicon 
in life, and Cairns-Smith and Graham (1990) even have proposed that Earth’s first organ-
isms were based on clay minerals. Such rudimentary organisms, even if they could exist, 
would lack the enzymatic and genetic capabilities required to generate more advanced 
functions.

When one Si-O linkage of each silicon in silicate is replaced with a Si-C linkage, the 
resulting materials are called silsesquioxanes. When two Si–O linkages of each silicon 
are replaced by Si-C linkages, complex polymers are formed that are named silicones. 
These materials have a long chain with the structure -Si-O-Si-O-, in which each 
silicon is bonded to two carbons (not shown) and to two oxygens. The silicone industry 
is vast, but the materials are not so stable as carbon polymers. When three Si-O link-
ages of each silicon are replaced with Si-C linkages, the result is a simple organosilicon 
compound, without a special, collective name, for example, (CH3)3SiOR. All of these 
structures have Si-C bonds, which are unstable under many conditions. In these sim-
plest compounds, the oxygen on silicon could in turn be part of a hydroxy group (HO-Si, 
hydroxysilanes) or an alkoxy group (RO-Si, alkoxysilanes). The former are unstable 
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with respect to dimerization to a Si-O-Si (siloxanes) linkage (R3SiOH → R3SiOSiR3), 
and the latter also are easily decomposed.

If Si-Si, Si-C, and Si-H linkages are excluded from roles in a silicon-based bio-
chemistry, what about other functionalities that take advantage of the strength of the 
Si-O bond? Such would involve a mixture of silicon and carbon. These functionalities 
would include Si-O-C groupings, by which silicon is involved without having to form 
unstable bonds directly with silicon, carbon, or hydrogen. If we are to find an island 
of stable activity for silicon, it seems that the Si-O-C bond would be a very likely 
candidate. As each silicon still is bonded to four oxygens, such molecules are called 
organosilicates, in which one or more of the oxygen atoms are capped with a carbon 
atom. These sorts of structures may be involved, for example, in the biological uptake 
of silica. Only a few studies have examined the role of the Si-O-C bond, so more 
background is needed first.

There have been numerous studies of so-called prebiotic formulas for creating the mol-
ecules that are essential for carbon-based biochemistry. Miller (1953) reported experiments 
with simple reagents and conditions that generated essential amino acids, and Miller and 
Urey (1959) expanded the yield to include other biomolecules. Even earlier, the Russian 
Butlerov discovered the formose reaction, whereby small aldehydes under basic condi-
tions oligomerize to C5 and C6 carbohydrates. This reaction provides a feasible pathway 
for generation of the carbohydrates necessary for metabolism and genetics (Gabel and 
Ponnamperuma, 1967; Reid and Orgel, 1967). This formose reaction, however, suffers from 
the fatal drawback that the carbohydrate products decompose under the required basic 
conditions. Lambert and coworkers (2010) demonstrated that the formose reaction in the 
presence of sodium silicate, however, provides stable sugar products. The sugars, upon for-
mation, react spontaneously with sodium silicate to form sugar silicates, which are stable 
to base. These authors provided spectroscopic evidence that these sugar complexes possess 
Si-O-C bonds. Moreover, the species have low volatility. In this silicate-mediated formose 
reaction, sugars are sequestered as silicates according to structure and stereochemistry. 
These experiments provided a model whereby silicon, exploiting the strength of the Si-O 
bond, can guide the synthesis of complex carbohydrates as stable, nonvolatile products. 
Volatility could be important in the context of an astronomical body lacking an atmosphere.

Another drawback to the formose reaction as the prebiotic process to form carbo-
hydrates is the need for conditions of strong base. The reaction of sugars with silicates 
requires a pH of about 10. Although extreme environments might exist that could allow 
the reaction, they are rare and an alternative form of catalysis would be better. Lambert 
and coworkers also have shown that natural clays can provide the same role as strong 
base. Figure 7.1 demonstrates that the yield of carbohydrates under base-free conditions 
increases with temperature in the presence of many clays but is negligible in the absence of 
clay (points with dark green circles at all temperatures). Thus, the aluminosilicates of clay 
might have played a role in the prebiotic synthesis of carbohydrates.
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7.4 SUMMARY
Because of its structural limitations, silicon cannot be the primary atomic basis for an 
alternative biochemistry needed as the basis of life. First, almost all bonds to silicon are 
unstable to acid and base. Second, unsaturated bonds involving silicon are of high energy. 
Third, the silicon analogue of carbon dioxide does not exist. These insurmountable draw-
backs preclude silicon-based life. Nonetheless, silicon can assist in carbon-based life pro-
cesses (CIBA Foundation Symposium, 2007; Epstein, 2007). The highly stable Si-O bond 
dominates most of the rocks of terrestrial planets and moons, provides structural materials 
for organism such as sponges and horsetails, and may be involved in the abiotic creation of 
carbon-based biological molecules such as carbohydrates.

GLOSSARY
Bond energy: The heat required to break 1 mol of a molecule into its individual atoms. It is 

a measure of the strength of a chemical bond and is related to the distance between 
the two atoms composing the bond (the bond length). The units may be kcal mol−1 
or kJ mol−1.
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FIGURE 7.1 The total product yield of sugars as a function of temperature (°C) for a variety of 
clay catalysts listed in the insert at top right. The control reaction, lacking any clay catalyst and 
represented by circular points in olive drab, is found to provide a level yield of about 10%. Increases 
above this level indicate the presence of clay catalysis.
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Carbonyl group: A molecular unit consisting of a carbon atom doubly bonded to an oxy-
gen atom. The carbon atom carries two other substituents, but the oxygen atom 
has no further bonds (>C=O). The carbonyl group is the integral component of 
aldehydes, ketones, carboxylic acids, esters, and other organic functionalities.

Covalent bond: The chemical bond between two atoms that involves sharing of electron 
pairs, thus enabling the constituent atoms to achieve a stable octet of electrons. The 
result is achieved by overlap of electronic orbitals on the atoms through a balance 
of attractive and repulsive forces.

Heteroatoms: In organic compounds, heavy atoms other than carbon, usually oxygen, 
nitrogen, sulfur, phosphorus, and halogens.

Ionic bond: The chemical bond between two atoms that results primarily from the elec-
trostatic attraction between ions of opposite charge. The positive charge of the 
cation attracts the negative charge of the anion.

Lone pair: A pair of electrons on an atom that is necessary to achieve the stable octet but 
is not involved in a covalent bond with another atom. Typically in neutral systems, 
nitrogen has one lone pair, oxygen two lone pairs, and halogens three lone pairs. 
Also called nonbonding electrons.

Phytolith: Microscopic plant remains composed of silica, derived from siliceous depos-
its within intracellular and extracellular structures. Phytoliths are revealed and 
deposited during the natural decay of the organic portions of the plant.

Pi bond: A covalent bond between adjacent atoms involving only p (pi) orbitals. Because 
of the shape of π orbitals (13), there is a nodal plane of zero electron density that 
passes through both constituent atoms. The geometry is a side-by-side overlap that 
is weaker than sigma overlap.

Saturation: Characteristic of a molecule or molecular component that contains only 
sigma bonds.

Sigma bond: A covalent bond between adjacent atoms involving only orbitals with s 
(sigma) character. The overlap is head on between orbitals and is stronger than 
the π overlap. The overlap can be between pure s orbitals (15) or between mixtures 
(hybrids) of s and p orbitals (16) (the lines between atoms in these two figures rep-
resent orbital overlap rather than chemical bonds).

15 16

Silacatein: An enzyme used by marine organisms such as sponges to take up silica and 
build silica support systems.

Silicone: Polymeric materials consisting of long chains of alternating oxygen and silicon 
atoms, [-(R2Si)-O-]n, in which the R side groups may be alkyl such as methyl, 
ethyl, phenyl, or others.

Silsesquioxane: A compound with the empirical formal RSiO1.5, in which R is an organic 
group. In practice, the compounds form complex cages composed of silicon atoms, 
each of which is bonded to three oxygen atoms and one organic group.
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Thermodynamic sink: The informal term for a particularly stable reaction product. The anal-
ogy is the ability of water to flow to its lowest available point. Interconverting mol-
ecules eventually favor the forms with the lowest energy, the thermodynamic sink.

Unsaturation: Characteristic of a molecule or molecular component that contains π 
bonds. In a more general sense, unsaturation corresponds to the presence of mul-
tiple bonds and rings in a molecule.

Valence: The number of bonds an atom can accept.

REVIEW QUESTIONS
1.  What is the normal valency (number of bonds) for neutral carbon? For neutral sulfur? 

For neutral nitrogen?

2.  Why does saturated carbon have a tetrahedral arrangement of bonded atoms around it, 
as in Figure 7.1?

3. What is the difference between a σ and a π bond?

4.  Give examples of double bonds in the principal molecules of life (proteins, carbohy-
drates, nucleic acids)?

5. Are Si–Si or C–C bonds generally stronger? Which is more reactive?

6. What organic compounds containing silicon have been found in living systems?

7. Why are silicate minerals so common on Earth?

8. What generally are the arguments against the existence of silicon-based life forms?
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C h a p t e r  8

Fossil Records for Early 
Life on Earth

David Wacey

8.1 INTRODUCTION
The search for life elsewhere in our universe and the task of ratifying the evidence collected 
in this search must be informed by data gathered from the rock record here on Earth. 
The return of rock samples from Mars, or even Saturn’s moon Titan or Jupiter’s moon 
Europa, is getting ever closer, so clear criteria for unambiguously identifying life in such 
samples are now required. Earth’s early fossil record provides our best chance of doing 
this. However, there are numerous challenges associated with the study and interpreta-
tion of this early fossil record. First, we must identify suitable targets where life may have 
been preserved, that is, rocks that were not only deposited in a setting habitable for life 
but have also largely escaped postdepositional contamination, plus metamorphic heating 
and deformation that would alter or destroy former signs of life. Second, Earth’s earliest 
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life would have been very small and only subtly different from prebiotic or co-occurring 
abiotic artifacts. Hence, specialized techniques must be developed and employed in the 
study of this earliest potential fossil record. Third, the scientific community needs to reach 
a consensus, using well-defined and robust criteria, on what is and what is not a sign of life 
in the early rock record.

This chapter provides some guidelines for those wishing to study Earth’s earliest life, 
together with a summary of what we currently know about life on Earth in excess of 
3   billion years ago. It will become clear to the reader that not all of the challenges and 
questions have been resolved; however, great advances have been made over the last decade 
or so, and a consensus is emerging that life was abundant and diverse in multiple environ-
ments back to about 3.5 billion years ago.

8.2 WHAT ARE THE TYPES OF EVIDENCE FOR EARLY LIFE ON EARTH?
There are three main ways that Earth’s earliest life may reveal itself in the rock record: body 
fossils, trace fossils, and chemical fossils.

Body fossils are morphological remains of an organism preserved within a rock. Body 
fossils can be of varied form, for example, bones or shells. But in the early Archean, organ-
isms with hard body parts did not exist, nor did complex cells with nuclei, so we may only 
expect to find very simple and very small (a few micrometers [μm] to a few tens of μm) 
microbial cells. Such small and delicate structures are prone to decay so one might expect 
the potential for them to be preserved for over billions of years in the rock record to be 
very low. This is the case in general, but in some circumstances, even delicate cells can be 
remarkably preserved (Figure 8.1). Remarkable preservation usually occurs where organ-
isms are rapidly encased in a mineral or rapidly buried to prevent oxidative degradation. 
The lack of oxygen in the early Archean may fortuitously have facilitated a relatively greater 
fidelity of microbial preservation compared to the younger rock record. The quality of 
preservation also depends on which mineral first comes in contact with the organism, 
with silica (SiO2), pyrite (FeS2), calcium phosphate (CaPO4), and some clay minerals being 
particularly good preservation media for microfossils. The subsequent geological history 
of the rock is also important in the search for early life, with good preservation favored by 
rapid occlusion of sediment pore space, followed by minimal postdepositional deformation 
and metamorphism that would likely destroy delicate cellular body fossils. Certain parts 
of cells are also more likely to survive in the rock record than others. For example, RNA 
and DNA molecules, plus other cell contents, are unstable and will be rapidly degraded. 
The cell membrane is more stable, being made of phospholipids and fatty acids, but is still 
rather weak so has a rather low chance of preservation. The cell wall, made of stronger 
peptidoglycan polymer, probably has the best chance of preservation. Extracellular poly-
meric mucus–like substances that often form envelopes around cells also have a reasonable 
chance of being preserved, since they contain functional groups (e.g., carboxyl) on which 
mineral ions can rapidly nucleate.

Trace fossils are non-body remains that in the broadest sense indicate the activity of an 
organism. An obvious example would be dinosaur footprints. Early Archean trace fos-
sils are much smaller and less complex and are difficult to unambiguously attribute to a 
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biological maker. They are commonly simple, μm-sized cavities left in rocks. These could 
be molds of cells found within mineral grains, or they could be tubular microbial borings 
resulting from an organism actively penetrating a solid substrate in search of nutrients 
or protection (Figure 8.2a). It is difficult to prove that such small and simple traces were 
formed by an organism but clues may come from the replication of cellular morphology by 
the trace, the presence of organic material within the trace, and the distribution of a suite 
of trace fossils (e.g., do they show preference for a particular rock or mineral that may have 
been rich in nutrients).

Structures known as ambient inclusion trails (AITs) are also microtubular in nature 
and can closely resemble tubular microbial borings (Figure 8.2b). However, they possess 
a specific set of characteristics that permit their differentiation. These include the follow-
ing: the presence of a mineral crystal at the end of the microtube that appears to have 
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FIGURE 8.1 Examples of remarkable body fossil preservation in the rock record. (a) Carbonaceous 
coccoid and filamentous bacterial body fossils preserved in chert from the 1900 Ma Gunflint 
Formation, Canada. (b) Carbonaceous filamentous bacteria replicated by pyrite (black) and pre-
served in chert from the 1900 Ma Gunflint Formation, Canada. (Modified from Wacey, D. et al., 
Proc. Natl. Acad. Sci. USA, 110, 8020, 2013b.) (c) Plant cells preserved in chert from the 410 Ma 
Rhynie Chert, Scotland. (d, e) Probable eukaryote cells preserved in phosphate from the 1000 Ma 
Torridon Group, Scotland. (e: Modified from Wacey, D., In situ morphologic, elemental and iso-
topic analysis of Archean life, in: Dilek, Y. and Furnes, H., eds., Evolution of Archean Crust and 
Early Life, Modern Approaches in Solid Earth Sciences, Vol. 7, Springer, Dordrecht, the Netherlands, 
pp. 351–365, 2013.)
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been propelled along the tube; the presence of striations along the edge of the microtube 
caused by movement of the aforementioned mineral crystal; microtubes may crosscut 
one another, make sharp changes in direction, and form branches of different diameters, 
caused by fragmentation of the propelled crystal or interception of a second mineral grain; 
and an AIT is more than often polygonal in cross section, since this is the common shape 
of the propelled crystal. There is still some doubt about whether biology is needed to create 
AIT, so they are best classed as only possible trace fossils. A biological formation mecha-
nism involves the degassing of decomposing organic material within an impermeable host 
sediment or rock material, with crystal movement caused by increased gas pressure and 
dissolution of the host rock by organic acids (Knoll and Barghoorn 1974).

(c) (d)

20 cm

(a)

20 μm

10 μm

5 mm

(b)

FIGURE 8.2 Examples of trace fossils from the rock record. (a) Tubular microbial borings into vol-
canic glass (two examples arrowed) from the 92 Ma Troodos Ophiolite, Cyprus. (Modified from 
Wacey, D. et al., Chem. Geol., 363, 1, 2013a.) (b) AITs from the 1900 Ma Gunflint Formation, Canada. 
Note: terminal pyrite grain (arrowed) that has been propelled along one microtube. (c) Modern 
domal stromatolites from Lake Thetis, Western Australia. (Modified from Wacey, D., Astrobiology, 
10, 381, 2010.) (d) Fragments of microbial mat that have been ripped up by currents from a sedi-
mentary surface (rolled up example is arrowed). This is one type of MISS. Material is from the 3480 
Ma Dresser Formation, Western Australia. (Courtesy of N. Noffke; Modified from Noffke, N. et al., 
Astrobiology, 13(12), 1103, 2013.)
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Stromatolites are commonly cited as evidence for Earth’s earliest life (Figure 8.2c). 
Modern stromatolites, such as those found in Shark Bay or Lake Thetis, Western 
Australia, are clearly formed by the interaction of biology with sedimentation and 
can be classed as trace fossils, following the definition of Awramik et al. (1976) “…an 
organo-sedimentary structure produced by sediment trapping, binding, and/or pre-
cipitation as a result of the growth and metabolic activity of microorganisms.” In the 
ancient rock record, however, the biological nature of stromatolites is much less certain. 
Indeed, in early life studies, the term stromatolite should have a nongenetic defini-
tion “…an attached, laminated, lithified sedimentary growth structure, accretionary 
away from a point or limited surface of initiation” (Semikhatov et al. 1979) until the 
presence of biology is proven. Abiotic mimics of true biological stromatolites include 
soft sediment deformation, later structural deformation, and chemical precipitation of 
stromatolite-like crusts. Recently, stromatolites have even been produced in the labo-
ratory without the aid of biology, using a simple spray paint mechanism (McLoughlin 
et al. 2008).

A further group of trace fossils are microbially induced sedimentary structures 
(MISS). MISS tend to occur in siliciclastic sediments (e.g., sandstones) where sedi-
ment deposition and preservation is modified by large communities of mat-forming 
microorganisms (Figure 8.2d). MISS may be macroscopic in nature; examples include 
sedimentary bedding planes with leveled ripple marks, wrinkles, microbial mat chips, 
mat curls, and shrinkage cracks. They may also be microscopic in nature, observed in 
petrographic thin sections; these include sponge pore fabrics, gas domes, fenestrae, 
sinoidal laminae, and oriented grains that appear to float in a carbon-rich mat matrix 
(see Gerdes et al. 2000 for examples of all these features). These are an intriguing group 
of structures, often with many types of MISS occurring in close proximity to one 
another. The oldest examples so far reported come from the 3200 Ma Moodies Group 
of South Africa (Noffke et al. 2006) and potentially the 3480 Ma Dresser Formation of 
Western Australia (Noffke et al. 2013).

Chemical fossils are traces of biological activity indicated by specific chemical signals left 
in rocks including isotopic variations in, for example, carbon, sulfur, nitrogen, or iron; dis-
tinctive ratios of elements; or molecular compounds that may be tied to a particular group 
of organisms. Although chemical fossils have no morphological expression, some may be 
more stable through geological time than the organism that created them, and thus some 
are the most common life signals in early Archean rocks. They are also highly debated, 
because it is difficult to unambiguously attribute a chemical signal to life in preference 
to some abiotic chemical reaction. The two most common chemical fossils in the early 
Archean are 12C-enriched carbon isotope signals found in organic matter and 32S-enriched 
sulfur isotope signals found both in sulfide minerals such as pyrite and, more rarely, also 
in organic matter. Other chemical fossils could include highly localized concentrations of 
biologically important elements such as nitrogen or phosphorus and trace elements such 
as zinc that play key roles in biological enzymes, but these will be equally as difficult to 
attribute unambiguously to life.



168   ◾   Astrobiology

8.3 PROBLEM OF NONBIOLOGICAL ARTIFACTS
Body fossils, trace fossils, and chemical fossils can all be mimicked by nonbiological 
artifacts and this has led to cases of mistaken identity and great controversy in studies 
of early life on Earth. Microbial body fossils comprise simple shapes such as spheres, 
rods, and filaments that are often only a few μm in size. These are difficult to distin-
guish from some mineral crystals that grow with distinct spheroidal (e.g., some forms 
of silica) or filamentous (e.g., numerous silicate minerals) habits. This is especially dif-
ficult when carbon has been remobilized in a rock, for example, by a hydrothermal or 
metamorphic fluid, and redistributed along mineral grain boundaries. In such a case, a 
ring of carbon around a spheroidal silica grain will look almost identical to a true cell. 
Even more complex curved and helical filamentous microfossil-like objects have been 
synthesized in the laboratory without the need for biology (Garcia Ruiz et al. 2003). 
To reject such nonbiological mimics requires their study at the highest possible spatial 
resolution, often looking at the sub-μm scale to see how carbon is distributed in rela-
tion to mineral crystal boundaries and investigate the ultrastructural features of the 
candidate cell wall.

Likewise, microbial impressions and trace fossils can be mimicked by simple chemical 
and physical erosion and dissolution processes, creating cavities similar in size and shape 
to those left by microbes. Chemical fossils can be mimicked by nonbiological chemical 
reactions. For example, a light (12C-enriched) carbon isotope signature may be caused by 
biological processing of carbon but may also be caused by specific hydrothermal reactions 
such as Fischer–Tropsch-type synthesis (McCollom and Seewald 2006).

A long list of biogenicity criteria has been developed over the past 30  years or so to 
give researchers the best possible chance of differentiating a true biological signal from a 
nonbiological artifact. These criteria are not infallible but close adherence should prevent 
most cases of mistaken identity. These criteria are summarized from Brasier et al. (2004, 
2005), Buick (1990), Hofmann (2004), McLoughlin et al. (2007), Schopf and Walter (1983), 
Sugitani et al. (2007), and Wacey (2009):

 a. Structures should exhibit biological morphology that can be related to extant cells, 
sheaths, traces of activity, or waste products. Ideally, life cycle variants should be 
identifiable (reproductive stages), comparable to that found in morphologically simi-
lar modern or fossil microorganisms.

 b. More than a single step of biology-like processing should be evident. These steps may 
take the form of biominerals (e.g., some forms of pyrite), geochemical fractionations 
of isotopes (e.g., carbon and sulfur), specific organic compounds (e.g., hopanoid bio-
markers), or distinctive elemental ratios.

 c. Structures should occur within a geological context that is plausible for life, that is, at 
temperatures and pressures that modern organisms are known to survive.

 d. Structures should fit within a plausible evolutionary context.

 e. Structures should be abundant and ideally occur in a multicomponent assemblage.
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 f. Following from e, ideally, they should show colonial/community behavior.

 g. Following from f, a preferred orientation indicating a role in the formation of biofab-
rics would be an additional bonus criterion.

 h. Microfossils should ideally be composed of kerogenous carbon. However, if miner-
alized, this should be a result of microbially mediated precipitation. Later mineral 
replacement of carbonaceous material may also be permissible but then doubts upon 
their age will be raised.

 i. Microfossils should be largely hollow. Cell walls and sheaths are by far the most likely 
parts of the microbe to be preserved; cellular constituents are rarely preserved in 
more modern examples.

 j. Ideally, the microfossils should show some sort of cellular elaboration, for example, 
not just smooth cell walls, although this may be difficult to detect.

 k. Microfossils should show taphonomic degradation, that is, collapse of cells, folding of 
films, and fracturing.

 l. The object must exceed the minimum size for independently viable cells (~0.25 μm 
diameter). Note: This criterion is not applicable to fossil viruses.

 m. Microfossils should be demonstrably dissimilar from potentially coexisting non-
biological organic bodies (e.g., spherulitic mineral coatings) and should occupy a 
restricted biological morphospace.

 n. Evidence of extracellular polymeric substances surrounding the putative microfossils 
would be an added bonus criterion.

 o. Trace fossils should show preferential exploitation of certain substrates or horizons, 
for example, those that are rich in trace metals utilized by microbial metabolisms or 
those that contain structural defects and weaknesses that facilitate microboring.

 p. Trace fossils should show enrichments of biologically important elements, for exam-
ple, carbon- and/or nitrogen-enriched linings or biomineral infillings.

 q. Endolithic microborings should show preferred growth orientations; that is, they 
should penetrate from the outside of a grain and grow inwards and may also cluster 
on one side of the grain.

 r. Trace fossils should be demonstrably dissimilar from coexisting nonbiological etch 
pits and cracks; that is, they should be circular to elliptical in cross section and be of 
a restricted range of diameters.

 s. If trace fossils are branched, ideally, there should not be a change of diameter of the 
structure at the branching point.

 t. The area immediately surrounding a trace fossil should ideally show depletion in 
biologically important elements.
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8.4 PROBLEM OF POSTDEPOSITIONAL CONTAMINATION
Rocks containing the earliest signs of life have had 3–3.5 billion years to be modified and 
contaminated with more recent biological material. The three most common ways that this 
can occur are transport of biological material into rock fractures and pore spaces by later 
fluids, for example, during periods of metamorphism or even percolating modern ground-
water; later microbes actively boring into rocks in search of nutrients or protection; and 
human error, whereby biological material is introduced during sample processing. Careful 
observation and adherence to the antiquity criteria outlined in the following is necessary to 
navigate the minefield of most postdepositional contaminants. These antiquity criteria have 
been developed by many researchers over the last three decades and are here summarized 
from Brasier et al. (2004, 2005), Buick (1990), Hofmann (2004), McLoughlin et al. (2007), 
Schopf and Walter (1983), Sugitani et al. (2007), Wacey (2009), and Westall and Folk (2003):

 a. Structures must occur in rocks of known provenance; that is, detailed location infor-
mation must be presented so that independent resampling is possible.

 b. Structures must occur in rocks of demonstrable or established (Archean) age; that is, the 
host rock must be dated directly by radiometric techniques (Section 8.5.1) or the age of 
the rocks can be accurately inferred by correlation to nearby rocks that have been dated.

 c. Structures must be indigenous to the primary fabric of the host rock; that is, they must 
be physically embedded within the rock, not products of sample collection or prepara-
tion. They should, therefore, be present in petrographic thin sections of the rock.

 d. Structures must be syngenetic with the primary fabric of the host rock; that is, they 
must not have been introduced by ancient or modern postdepositional fluids.

 e. Following from d, any structures found within metastable mineral phases, void fill-
ing cements, veins, or crosscutting fabrics must be viewed with extreme caution.

 f. Structures should not occur in high-grade metamorphic rocks, because delicate 
organic structures rarely survive these extremes of pressure and/or temperature; the 
likelihood of nonbiological artifacts in such rocks is substantially increased.

 g. The geological context of the host rock must be fully understood at a range of scales; 
that is, the host unit must show geographical extent and fit logically within the 
regional geological history.

 h. Specific to microfossils—potential microfossils should not be significantly different 
in color from that of other particulate carbonaceous material in the remainder of the 
rock matrix. For example, brown microfossils in a largely black carbonaceous rock 
would immediately be suspicious.

 i. There should be evidence for organosedimentary interaction, for example, sedi-
ment grains trapped or supported by fossils, coatings of distinctive composition 
or texture precipitated around the fossils, or perhaps alternating layers of pros-
trate and erect filaments in stromatolite-like sediments.
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 j. Specific to trace fossils—trace fossils should be concentrated in detrital grains or pri-
mary rock matrix, not around later conduits for fluid or microbial entry. They should 
be crosscut by later stage veins and fractures (if present) and should be filled with a 
mineral phase that is capable of surviving the history of burial and heating that the 
rock unit is known to have endured.

8.5  WHAT TECHNIQUES SHOULD BE USED 
TO SEARCH FOR EARTH’S EARLIEST LIFE?

A wide selection of techniques is required to study ancient rocks for signs of early life. 
These range from investigation at the kilometer to meter scale in order to establish the 
geological context of the rock down to investigation at the μm to nanometer (nm) scale to 
investigate the morphology and chemistry of a single candidate cell. Here, I summarize the 
most commonly applied techniques in this field.

8.5.1 Geological Mapping

The geological context of samples and their spatial relationships are of critical importance 
in the study of early life. The context for potential biological signals should be mapped 
and studied at a wide range of scales from kilometers to millimeters. Evidence for, and 
interpretation of, the context should be clearly separated. Any potential biological signals 
should be referable to a well-defined history within this context, to show if they are early or 
late, indigenous or exogenous. Plausibility of the context for early life can then be assessed.

As part of the geological mapping, radiometric dating may be employed to give an abso-
lute age for the rock being studied. This relies on the radioactive decay of an unstable iso-
tope (parent nuclide) to a stable form (daughter nuclide); the relative proportions of each 
of these isotopes in the rock, together with the experimentally determined half-life of the 
decay reaction can then be used to date the mineral in which these isotopes are found. For 
early Archean rocks, parent–daughter nuclide pairs must have a relatively long half-life; 
otherwise, all of the parent isotope would have decayed long ago. Common isotopic sys-
tems for dating early Archean rocks are uranium–lead (238U–235U–Pb) found in the mineral 
zircon (ZrSiO4), potassium–argon (40K–Ar) found in minerals such as feldspar and horn-
blende, and rubidium–strontium (87Rb–Sr) found in several minerals within granites. The 
age of a given mineral is calculated by substituting the data acquired into the age equation

 t = 1/λ ln (1 + D/P)

where
t is the age of the sample
D is the number of atoms of the daughter nuclide in the sample
P is the number of atoms of the parent nuclide in the sample
λ is the decay constant of the parent isotope (inversely proportional to the half-life)

This age can be as accurate as ±2 Ma for a mineral that is 3000 Ma, using the U–Pb system, 
but may be as poor as ±30 Ma for a similarly aged mineral using the Rb–Sr system. Not 
all rock types can be dated in this way because they may not contain suitable minerals. 
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This is indeed the case for most sedimentary rocks that contain evidence for early life. In 
these cases, one must use geological relationships obtained from mapping to constrain the 
age of the candidate rock in between two rock strata that have known radiometric ages. 
This can vastly increase the error on the age of a candidate rock and many early Archean 
examples can only be dated to within ±50–100 Ma.

8.5.2 Optical Microscopy

The next logical step in the investigation of a candidate rock sample for signs of life is 
to prepare thin sections of the rock that can be examined using an optical microscope. 
Optical microscopy (also known as petrography) has been, and continues to be, the pri-
mary screening tool of the Precambrian paleontologist. Authentic Precambrian microfos-
sils must be observed by optical microscopy in petrographic thin sections (Figure 8.3a). 
Optical microscopy shows the morphology of the candidate structure and is also an essen-
tial extension of geological mapping because it allows the context of any structure to be 
mapped on the mm to μm scale. Various types of equipment can be used to enhance a 
standard optical microscope to obtain the maximum information from a given sample 
using plane polarized transmitted light, cross polarized transmitted light, reflected light, 
cathodoluminescence, lasers, and various digital imaging and processing packages.

8.5.3 Laser Raman Microspectroscopy

Laser Raman (LR) uses laser excitation of a candidate sample to obtain molecular and 
structural data and is mainly used to identify minerals and to inform on the crystallin-
ity and bonding of organic material (see Fries and Steele 2011 for details). It is a nonde-
structive technique meaning that it is often one of the first to be applied to a candidate 
sign of life after investigation by optical microscopy. LR requires no additional sample 
preparation with good results being obtained from standard petrographic thin sections. 
It operates at similar magnifications to optical microscopy so it can provide μm-scale 
information; indeed, LR systems are usually attached to a standard optical microscope 
body so that optical and Raman data can be superimposed on one another. Raman data 
come in two main types: point spectra and maps. With point spectra, the laser is targeted 
at a specific point within a mineral; when the chemical bonds of the mineral are excited 
by the laser, a spectrum of peaks is produced and the positions and intensities of these 
peaks differ from mineral to mineral. The unknown spectrum is compared to a database 
(e.g., RUFF database of Downs 2006) and minerals can be rapidly identified. The widths 
and intensities of Raman peaks can also alter depending on the crystallinity or order of a 
mineral phase; this feature has been used extensively to investigate the structure of car-
bon in ancient rocks and has been useful in decoding the relative age of carbon compared 
to the known age and metamorphic history of the host rock (e.g., Pasteris and Wopenka 
2003; Tice et al. 2004). This often satisfies antiquity criteria for a candidate microfossil 
or other organic structure. However, LR cannot distinguish biological and nonbiological 
carbon. In mapping mode, Raman spectra are obtained from multiple points within a 
sample and combined to form maps with μm-scale spatial resolution (Figure 8.3b). These 
maps could show the spatial distribution of a certain mineral or of a specific Raman 
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FIGURE 8.3 Examples of the techniques commonly applied to studies of early life on Earth. 
(a)  Optical microscopy showing exquisite preservation of large, probable eukaryote cell in 
 phosphate from the 1000 Ma Torridon Group, Scotland. (Photo courtesy of M. Brasier.) (b) LR 
microspectroscopy demonstrating the carbonaceous nature of a cell from the 1000 Ma Torridon 
Group. (Reproduced from Wacey, D., In situ, high spatial resolution techniques in the search for 
the origin of life, in: Seckbach, J., ed., Genesis—In The Beginning. Cellular Origin, Life in Extreme 
Habitats and Astrobiology, Vol. 22, Springer, Dordrecht, the Netherlands, pp. 391–411, 2012. With 
 permission.) (c) NanoSIMS ion images demonstrating the high level of carbon and nitrogen within 
a modern stromatolite-building cyanobacterium from Lake Clifton, Western Australia. (Modified 
from Wacey, D. et al., Geobiology, 8, 403, 2010b.) (d) Series of images demonstrating the FIB sam-
ple preparation process. Features of interest are located in standard petrographic thin sections 
(top left, rounded cell-like feature). A protective platinum strip is deposited across the area of inter-
est prior to FIB milling (top right). Trenches are milled either side of the area of interest and the 
user can check that the feature continues below the sample surface (bottom right). Using reduced 
beam currents, the wafer is gradually thinned and cleaned to ~100 nm (bottom left). The wafer can 
then be removed from the sample for subsequent TEM analysis while retaining the context of the 
feature of interest. (Reproduced from Wacey, D., In situ, high spatial resolution techniques in the 
search for the origin of life, in: Seckbach, J., ed., Genesis—In The Beginning. Cellular Origin, Life 
in Extreme Habitats and Astrobiology, Vol. 22, Springer, Dordrecht, the Netherlands, pp. 391–411, 
2012. With permission.)
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spectral peak (e.g., to show how the crystallinity of carbon changes over a given area). 
3D data are also obtainable by creating maps with the laser focused at various depths 
within a thin section and then stacking them together using a 3D software package (e.g., 
McKeegan et al. 2007). Finally, Raman can be used to look at the orientation of minerals 
since many minerals produce spectral peaks that vary in intensity depending on their 
crystallographic orientation to the laser. This feature can be used, for example, to image 
the distribution of quartz crystallographic axes to see whether candidate biological mate-
rial occurs between grain boundaries, is enclosed by entire grains, or occurs in cracks. 
Examples of the techniques commonly applied to studies of early life on Earth are shown 
in Figure 8.3.

8.5.4 Secondary Ion Mass Spectrometry

Secondary ion mass spectrometry (SIMS) can determine the elemental, isotopic, or 
molecular composition of a sample (see Ireland 1995; McKibben et al. 1998 for details). 
It is a destructive surface analysis technique whereby a sample is bombarded with ions, 
causing secondary ions from the sample surface to be ejected; these are then identi-
fied based upon their mass, using a mass spectrometer. Large radius SIMS instruments 
are used to obtain high-precision isotopic data from objects as small as about 10 μm 
in diameter. This may be employed to date minerals by measuring the amounts of, for 
example, U and Pb in a sample (see radiometric dating) or may be used to measure the 
proportions of stable isotopes such as 12C versus 13C or 32S versus 34S that may in turn 
point to particular types of biological metabolisms. These stable isotopes of biologically 
important elements are particularly useful in studies of early life and SIMS allows such 
data to be obtained directly from microfossils, carbonaceous laminations within micro-
bial mats or stromatolites, and potential biominerals (e.g., pyrite). This is preferential 
to bulk analyses (e.g., from a powdered rock), which may suffer from contamination 
and/or isotopic homogenization during sample processing, preparation, and analysis. 
NanoSIMS instruments have even better spatial resolution than large radius SIMS and 
can obtain isotopic data from objects as small as about 2 μm; however, the precision of 
the data is much poorer. Hence, it is up to the individual to weigh up whether spatial 
resolution or precision is more important, before deciding which type of SIMS to use. 
NanoSIMS is also an excellent tool for chemical mapping because it is highly sensitive to 
elements that may be present only in very low concentrations, can measure up to seven 
elements at once, and has a spatial resolution of about 100 nm. This is especially useful 
for mapping biologically important elements such as nitrogen that might only be present 
in a few parts per million and only occur over a few hundred nm in ancient microfossils 
(Figure 8.3c).

8.5.5 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a versatile technique that can provide both 
images and chemical and structural information from a sample at the nm (and some-
times even atomic) scale. As the name suggests, beams of electron are passed through 
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( transmitted) a sample and data come from the interactions of these electrons with fea-
tures in the sample. Specific sample preparation is required for TEM; in order to extract 
the maximum possible information, TEM samples need to be ultrathin (~100  nm). The 
best way to achieve this is to use a focused ion beam (FIB) (Figure 8.3d). This procedure 
uses a highly focused beam of heavy gallium ions to sputter ions from the sample surface, 
essentially cutting into the sample with very high precision (see Wirth 2009 for details). 
Hence, small wafers, typically about 15 μm × 10 μm × 0.1 μm, can be cut directly out of thin 
sections that have already been characterized using optical microscopy or some other non-
destructive technique. These are not only uniformly thin but they retain the context of the 
object of interest and eliminate the possibility of contamination. A wide range of TEM sub-
techniques can then be applied to these samples including regular imaging of morphology; 
high-resolution imaging (HRTEM) that shows the arrangement of atoms in sample, pro-
viding information on its crystallinity and lattice structure (Figure 8.4a); electron energy 
loss spectroscopy (EELS) to provide information on elemental composition, bonding of a 
given element, and oxidation state of a given element; maps of elemental distributions; and 
selected area electron diffraction (SAED) that allows the identification of different mineral 
phases (Figure 8.4b). All of this is done at extremely high spatial resolution, beyond that 
achieved with any other technique.

8.5.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a highly flexible surface analysis technique being 
able to analyze a range of samples including thin sections, crushed and powdered rock 
samples, single mineral crystals, and relatively large rock chips. Both images and com-
positional data can be attained at a wide range of magnifications (approximately 25× to 
250,000×). Samples are scanned with a high-energy beam of electrons, and these inter-
act with the atoms of the sample producing numerous secondary signals (secondary elec-
trons, backscattered electrons, x-rays, and cathodoluminescence). With suitable detectors 
in place, each of these secondary signals reveals information about the sample. Secondary 
electrons give very high spatial resolution images of the sample surface, backscattered 
electrons give qualitative information on sample chemical composition, x-rays give both 
qualitative and quantitative chemical information, and cathodoluminescence can also be 
related to specific minerals. In early studies of Archean life, because SEM only images and 
detects surface features, contamination and artifacts from sample processing and prepara-
tion were significant issues.

The use of SEM to investigate early life has been reinvigorated by recent advances in the 
design of dual-beam FIB–SEM instruments. This now means that a sample can be manipu-
lated and cut (milled) by a focused beam of ions (as in the TEM sample preparation outlined 
earlier) while simultaneously being imaged using an electron beam. Additional detectors 
can also be inserted to permit elemental analysis (EDS detector) or phase detection and 
crystallographic mapping (EBSD detector). FIB–SEM is therefore very useful for looking at 
what happens below the surface within a thin section or rock chip; a site-specific hole can 
quickly be milled and then imaged at nm-scale spatial resolution (Figure 8.4c). An exciting 
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FIGURE 8.4 Examples of the techniques commonly applied to studies of early life on Earth. 
(a)  High-resolution TEM (HRTEM) demonstrating the different patterns and atomic spacings 
exhibited by different forms of carbon. (Reproduced from Wacey, D., In situ, high spatial resolution 
techniques in the search for the origin of life, in: Seckbach, J., ed., Genesis—In The Beginning. Cellular 
Origin, Life in Extreme Habitats and Astrobiology, Vol. 22, Springer, Dordrecht, the Netherlands, 
pp. 391–411, 2012. With permission.) (b) SAED used to identify mineral phases. In this example 
from a 3400 Ma rock, we see a mixture of sharp rings (traced over in white) corresponding to the 
atomic spacings in the iron oxide mineral magnetite, plus a diffuse background indicating amor-
phous (noncrystalline) material. (Reproduced from Wacey, D., In situ, high spatial resolution tech-
niques in the search for the origin of life, in: Seckbach, J., ed., Genesis—In The Beginning. Cellular 
Origin, Life in Extreme Habitats and Astrobiology, Vol. 22, Springer, Dordrecht, the Netherlands, 
pp. 391–411, 2012. With permission.) (c) FIB milling combined with SEM (FIB–SEM) showing 
the detailed morphology of a number of cells from the 1000 Ma Torridon Group, Scotland. Here, 
the red line shows the location of milling, perpendicular to the optical microscopy image (left), 
while the SEM image (right) shows additional cellular detail that is obscured in the optical image. 
(Modified from Wacey, D., In situ morphologic, elemental and isotopic analysis of Archean life, in: 
Dilek, Y. and Furnes, H., eds., Evolution of Archean Crust and Early Life, Modern Approaches in 
Solid Earth Sciences, Vol. 7, Springer, Dordrecht, the Netherlands, pp. 351–365, 2013.) (d) 3D visual-
ization of FIB–SEM data showing a reconstruction of filamentous microbes being decomposed by 
tiny spheroidal heterotrophic microbes (orange) from the 1900 Ma Gunflint Formation, Canada. 
(Modified from Wacey, D. et al., Proc. Natl. Acad. Sci. USA, 110, 8020, 2013b.)
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extension to this is the sequential milling of multiple slices through an object. After each 
slice is milled, an image is taken or a chemical map is produced, and each of these images 
or maps is stacked together to give a true 3D representation of the structure of interest (see 
Wacey et al. 2012; Wirth 2009 for details). The spatial steps between successive FIB slices 
can be set by the user and can be smaller than 50 nm so that even fine scale detail within 
microfossils can be captured (Figure 8.4d). It must be noted that this is the most destructive 
of all the techniques described here, since the structures of interest are actively milled away 
during the analysis. Hence, it is not particularly suitable for samples containing very rare or 
type microfossils.

8.5.7 Synchrotron Radiation Techniques

Synchrotron radiation provides a source of high-intensity x-rays that can be used for a 
suite of imaging and spectroscopy techniques at high spatial resolution and high sensitiv-
ity. X-ray tomography can create stacks of images at sub-μm-scale resolution that can be 
combined into 3D visualizations. The spatial resolution is slightly inferior to 3D-FIB–SEM 
but it has the advantage of being nondestructive so it could potentially be used on unique 
microfossil specimens. X-ray absorption spectroscopy allows the bonding, coordination, 
and oxidation states of an element to be investigated, much like EELS but with better 
energy resolution. This is particularly useful to investigate the bonding of carbon to see if 
any biological functional groups (e.g., phenol or carboxylic acid) are present. X-ray fluo-
rescence provides semiquantitative elemental maps over flexible spatial scales (mm down 
to μm) and can be especially useful to obtain a relatively large-scale overview of the chem-
istry of a sample before isolating a smaller area for more detailed study. Finally, scanning 
transmission x-ray microscopy can be used to obtain both images and spectral (chemical) 
data at the nm scale.

8.6  WHERE DO WE LOOK FOR THE EARLIEST 
EXAMPLES OF LIFE ON EARTH?

Rocks from the earliest periods of Earth history are rare. Some have been uplifted into 
mountain belts and subsequently eroded, while others have been forced below the surface 
of the Earth by subduction. Of those that remain on the Earth’s surface, many have never 
been habitable for life (e.g., granite formed in magma chambers), and many that were once 
habitable have been significantly compressed and heated by contact and regional metamor-
phism so that any previous signs of life have very likely been destroyed. Only two places 
on Earth are currently known to possess sedimentary and volcanic rocks of early Archean 
(>3000 million years) age that were habitable for life and have only experienced minimal 
postdepositional modification. These are the Pilbara Craton of Western Australia and the 
Kaapvaal Craton of South Africa. Some would argue that small regions of Greenland should 
also be included here, but these rocks have been deformed to a greater extent and no body or 
trace fossils have yet been described from them, their only signs of life being controversial 
chemical fossils.

The Pilbara Craton is composed of a mixture of ancient granites and greenstones (i.e., vol-
canic and sedimentary rocks that have been slightly altered by low-temperature greenschist 
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FIGURE 8.5 (a) Location of the Pilbara Craton, Western Australia. (Reproduced from Brasier, M.D. 
et al., Precambrian Res., 140, 55, 2005. With permission.) (b) Location of the Pilbara Supergroup 
(pale green), home to the oldest claims for life in this region. (Reproduced from Wacey, D., Early Life 
on Earth: A Practical Guide, Springer, Amsterdam, the Netherlands, 285p., 2009. With permission.) 
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facies metamorphism). It is these greenstones that are viable for hosting life and the oldest 
examples occur in the Pilbara Supergroup, exposed in the East Pilbara Terrane (Figure 8.5; 
Van Kranendonk 2006). The Pilbara Supergroup is subdivided into four rock packages or groups. 
The oldest is the Warrawoona Group, deposited from 3515 to 3420 Ma. This consists mostly of 
dark, mafic volcanic rocks of the double-bar formation, table top formation, North Star Basalt, 
Mount Ada Basalt, and Apex Basalt. These are interspersed with thin chert horizons, light felsic 
volcanics and volcaniclastics of the 3515–3500 Ma Coucal Formation, the 3472–3465 Ma Duffer 
Formation, the ~3460 Ma Apex Chert, and the 3458–3427 Ma Panorama Formation. A notable 
and spatially restricted horizon is the ~3480 Ma Dresser Formation, consisting of bedded chert, 
sulfate, carbonate, and jasper, together with pillow basalt (Van Kranendonk et al. 2008).

The Warrawoona Group is separated from the overlying Kelly Group by a marker 
unit, the ca. 3400 Ma Strelley Pool Formation, composed mainly of sandstone and 

(c) (d)

(e)

FIGURE 8.5 (continued) (c–e) Typical rock types that host signs of life in the Pilbara Supergroup, 
including banded black and white chert (c), sandstone with occasional well-preserved black cores (d), 
and pillow basalt (e). (d: Modified from Wacey, D., et al., The 3426-3350 Ma Strelley Pool Formation 
in the East Strelley greenstone belt—A field and petrographic guide. Geological Survey of Western 
Australia Record, 10, 2010a.)



180   ◾   Astrobiology

Geochron.
dates

3020–2930 Ma

Unconformity

3251–3235 Ma

3273–3255 Ma

3325–3310 Ma

3346–3335 Ma

3458–3426 Ma

3474–3463 Ma

3477 Ma
3480 Ma

3498 Ma

3515 Ma
5 cm

Nikon

(d)

(e)

3350 Ma

De Grey

Lithology Sedimentary
formation

Basaltic
formation

  Felsic
    formation

Sub-
group Group

Honeyeater

Kangaroo Caves

Kunagunarrina

Charteris
Leilira
Unconformity

Euro

Panorama

Apex

Duffer

Mt. Ada

Mcphee/
dresserNorth

Star

Double
Bar

Coucal

GraniteBasalt

Banded iron formation

Unconformity

Marble Bar Chert

Strelley pool formation
Unconformity

Chert

Shale

Sandstone
Ultramafic lavas

Felsic volcanics

Felsic volcaniclastics

Table
top

C
ounterunah

W
arraw

oona

Wyman

Sulfur 
Springs

K
elly

Soanesville

Pyramid Hill

Paddy market

Corboy
Cardinal

20 μm

20 μm

(b)

(a)

(c)

50 μm

FIGURE 8.6 (see caption on facing page)



Fossil Records for Early Life on Earth   ◾   181  

chert (Wacey et al. 2010a). The Kelly Group is mostly volcanic, save for a few thin chert 
horizons, containing the 3350–3325 Ma Euro Basalt and the 3325–3315 Ma Wyman 
Formations. Above this comes the 3270–3240 Ma Sulphur Springs Group, a mix-
ture of sediments, volcanics, and one of the Earth’s oldest massive sulfide deposits. 
Finally, the uppermost package of the Pilbara Supergroup is the Soanesville Group 
(~3200–3165 Ma), which is mostly sedimentary in nature (Cardinal, Corboy, and Paddy 
Market Formations) with minor basalt (Honeyeater Basalt) and banded iron forma-
tion (Pyramid Hill Formation). The >3000 Ma stratigraphy in the East Pilbara is com-
pleted by the lowermost sediments of the De Grey Supergroup, packaged together as the 
~3020–2930 Ma Gorge Creek Group.

Signs of life have been reported in (from youngest to oldest; Figure 8.6) the 3000 Ma 
Farrel Quartzite of the Gorge Creek Group (Grey and Sugitani 2009; Oehler et al. 2009, 
2010; Sugitani et al. 2007, 2009a,b), the 3240 Ma Kangaroo Caves Formation of the 
Sulphur Springs Group (Duck et al. 2007; Rasmussen 2000), the 3350 Ma Euro Basalt 
of the Kelly Group (Banerjee et al. 2007; Schopf and Packer 1987), the 3400 Ma Strelley 
Pool Formation (Allwood et al. 2006, 2007, 2009; Brasier et al. 2006; Hofmann et al. 1999; 
Lowe 1980; Sugitani et al. 2010, 2013; Van Kranendonk et al. 2003; Wacey 2010; Wacey 
et al. 2008, 2010a, 2011a,b, 2012), the 3450 Ma Panorama Formation of the Warrawoona 
Group (Westall et al. 2006b), the 3460 Ma Apex Basalt of the Warrawoona Group (Schopf 
1992, 1993; Schopf and Packer 1987), the 3470 Ma Mount Ada Basalt (Awramik et al. 
1983), and the 3480 Ma Dresser Formation of the Warrawoona Group (Dunlop et al. 
1978; Glickson et al. 2008, 2010; Noffke et al. 2013; Philippot et al. 2007; Shen et al. 2001, 
2009; Ueno et al. 2001, 2006a, 2008; Van Kranendonk 2006; Walter et al. 1980). There 
have also been claims for life in the slightly younger West Pilbara Terrane, notably in the 
3200 Ma Dixon Island Formation (Kiyokawa et al. 2006) and the 3020 Ma Cleaverville 
Formation (Ueno et al. 2006a,b). These claims for life are summarized in Table 8.1, where 
the types of evidence are listed and an evaluation of the robustness of each claim is given 
based upon this evidence. The most robust examples of life in these rocks are illustrated 
in Figure 8.6.

The Barberton region of the Kaapvaal Craton in South Africa contains volcanic and 
sedimentary greenstone rocks up to about 3550 million years old (Figure 8.7). The oldest 

FIGURE 8.6 (see figure on facing page) Stratigraphy of rocks older than 3000 Ma in the Pilbara 
region of Western Australia (Modified from Wacey, D., Early Life on Earth: A Practical Guide, 
Springer, Amsterdam, the Netherlands, 285p., 2009), plus selected example of signs of life from 
these rocks (a–e). (a) Folded carbonaceous biofilm from the 3000 Ma Farrel Quartzite. (Courtesy of 
K. Sugitani; Modified from Wacey, D., Early Life on Earth: A Practical Guide, Springer, Amsterdam, 
the Netherlands, 285p., 2009.) (b) Filamentous pyritized microfossils from the 3240 Ma Kangaroo 
Caves Formation. (Reproduced from Wacey, D., Early Life on Earth: A Practical Guide, Springer, 
Amsterdam, the Netherlands, 285p., 2009. With permission.) (c) Tubular sheath-like microfossils 
from the 3430 Ma Strelley Pool Formation. (d) Complex stromatolite from the 3430 Ma Strelley 
Pool Formation. (Modified from Wacey, D., Early Life on Earth: A Practical Guide, Springer, 
Amsterdam, the Netherlands, 285p., 2009.) (e) Simple domal stromatolite from the 3480 Ma 
Dresser Formation.
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FIGURE 8.7 (a) Location of the Barberton greenstone belt in the Kaapvaal Craton of South Africa, 
with (b) a typical field photograph showing the terrain and outcrop in this area.
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(e)

(c)

(d)

FIGURE 8.7 (continued) (c–e) Typical rock types that contain signs of life in the Barberton, includ-
ing pillow basalt (c), black and white banded chert (d), and sandstone (e). (Reproduced from 
Wacey, D., Early Life on Earth: A Practical Guide, Springer, Amsterdam, the Netherlands, 285p., 
2009. With permission.) 
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of these occurs in the Swaziland Supergroup, which itself is divided into three smaller rock 
packages. The lowermost Onverwacht Group (~3550–3300 Ma) is mostly volcanic with a 
handful of thin chert units. Above this comes the Fig Tree Group (~3260–3225 Ma) fol-
lowed by the Moodies Group (~3220 Ma); both of these are dominated by clastic sedimen-
tary rocks such as sandstone, siltstone, and shale. As with the Pilbara, these greenstone 
rocks are interspersed and intruded by large granite domes, >3000 Ma, but these are not 
habitable for life.

Signs of life have been reported in (from youngest to oldest; Figure 8.8) 3220 Ma 
sandstones from the lower part of the Moodies Group (Noffke et al. 2006), the 3245 Ma 
Sheba Formation of the Fig Tree Group (Byerly et al. 1986; Schopf and Barghoorn 1967), 
the 3260 Ma Swartkoppie Formation of the Fig Tree Group (Knoll and Barghoorn 
1977), the 3400 Ma Kromberg Formation of the Onverwacht Group (Furnes et al. 2004; 
Tice and Lowe 2004; Walsh 1992; Walsh and Lowe 1985; Westall et al. 2001), and the 
3450 Ma Hooggenoeg Formation of the Onverwacht Group (Banerjee et al. 2006; Engel 
et al. 1968; Furnes et al. 2004; McLoughlin et al. 2012; Walsh 1992; Walsh and Lowe 
1985; Westall et al. 2001, 2006). These claims for life are summarized in Table 8.2, where 
the types of evidence are listed and an evaluation of the robustness of each claim is 
given based upon this evidence. The most robust examples of life from these rocks 
are illustrated in Figure 8.8. Table 8.3 summarizes claims for life from older 3700 to 
3850 Ma rocks from Greenland; these comprise chemical fossils only and are particu-
larly controversial.

FIGURE 8.8 (see figure on facing page) Stratigraphy of rocks older than 3000 Ma in the Barberton 
region of South Africa (Modified from Wacey, D., Early Life on Earth: A Practical Guide, Springer, 
Amsterdam, the Netherlands, 285p., 2009), plus selected  examples of signs of life from these rocks 
(a–e). (a) MISS (microbial mat wrinkles on sedimentary ripples) from the ~3220 Ma Moodies 
Group. (Courtesy of N. Noffke.) (b) Stromatolite from the ~3245 Ma Fig Tree Group. (Courtesy of 
G. Byerly; Modified from Wacey, D., Early Life on Earth: A Practical Guide, Springer, Amsterdam, 
the Netherlands, 285p., 2009.) (c) Filamentous microfossils from the ~3400 Ma Kromberg 
Formation. (Courtesy of M. Walsh; Modified from Wacey, D., Early Life on Earth: A Practical 
Guide, Springer, Amsterdam, the Netherlands, 285p., 2009.) (d) Ripped up portion of a microbial 
mat plus carbonaceous grains from the 3416 Ma Buck Reef chert. (Modified from Wacey, D., Early 
Life on Earth: A Practical Guide, Springer, Amsterdam, the Netherlands, 285p., 2009.) (e) Tubular 
microbial borings from the ~3450 Ma Hooggenoeg Formation. (Courtesy of N. McLoughlin.)
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GLOSSARY
Abiotic: Not derived from living organisms.
AIT: Ambient inclusion trail.
Archean: The period of time between 4 and 2.5 billion years ago.
Biomarker: A substance whose presence indicates the existence of living organisms (can 

be specific to a type of organism).
Biomineral: A mineral produced by the activity of living things.
Carboxyl group: An organic functional group consisting of a carbon atom double bonded 

to an oxygen atom and single bonded to an OH group.
DNA: Deoxyribonucleic acid; the molecule that encodes genetic instructions.
EBSD: Electron backscatter diffraction.
EDS: Energy dispersive spectroscopy.
EELS: Electron energy loss spectroscopy.
Endolith: An organism living/growing inside a rock.
Exogenous: Having an external origin.
Fischer–Tropsch synthesis: A reaction (or series of reactions) that converts carbon mon-

oxide and hydrogen into liquid hydrocarbons.
FIB: Focused ion beam.
FIB–SEM: Focused ion beam milling combined with scanning electron microscopy.

TABLE 8.3 Summary of Reported Evidence for Life in >3000 Ma Rocks from Greenland

Age (Ma) Geological Unit
Morphological 

Evidence Geochemical Evidence Comments

~3700 Garbenschiefer 
Formation, Isua, 
Greenland

None Bulk carbon isotopes: 
δ13CPDB averages −19‰ 
consistent with biological 
processing (Rosing 1999).

Carbon isotope signature 
is not uniquely 
biological.

~3700 An unnamed 
banded iron 
formation, Isua, 
Greenland

None In situ carbon isotopes: 
δ13CPDB averages −30‰ 
consistent with biological 
processing 
(Mojzsis et al. 1996).

Carbon isotope signature 
is not uniquely 
biological; carbon may 
have formed via 
thermal-metamorphic 
reactions (e.g., Van 
Zuilen et al. 2002, 2003).

~3850 An unnamed 
quartz–pyroxene 
rock, Akilia 
Island, 
Greenland

None In situ carbon isotopes: two 
sets of δ13CPDB data, one 
averages −37‰, the other 
averages −29‰, both 
consistent with biological 
processing 
(Mojzsis et al. 1996).

Carbon isotope signature 
is not uniquely 
biological; geological 
setting is very 
controversial, in terms 
of both the rocks’ age 
and original 
sedimentary nature 
(e.g., Fedo and 
Whitehouse 2002).
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Half-life: The time taken for half the radioactive nuclei in a given sample to undergo 
radioactive decay.

HRTEM: High-resolution transmission electron microscopy.
Indigenous: Native (to the rock in which it is found).
Isotope: Each of two or more forms of the same element that have the same number of 

protons but different numbers of neutrons and hence differ in relative atomic mass.
Kerogen: A mixture of high-molecular-weight polymers formed from the decomposition 

of living matter.
LR: Laser Raman.
Metamorphism: The change in form of a rock (i.e., change in minerals and/or texture).
MISS: Microbially induced sedimentary structure.
NanoSIMS: Nanometer-scale secondary ion mass spectrometry.
Peptidoglycan: Polymer consisting of sugars and amino acids.
Petrographic thin section: A thin slice of rock that can be studied with an optical 

microscope.
Phospholipids: A lipid bonded to two fatty acids and a phosphate group.
Prebiotic: Before the evolution of living things.
RNA: Ribonucleic acid.
SAED: Selected area electron diffraction.
SEM: Scanning electron microscopy.
SIMS: Secondary ion mass spectrometry.
Synchrotron: A cyclic particle accelerator producing a high-energy electron beam.
Syngenous/syngenetic: Formed at the same time as the surrounding rock.
Taphonomic: The conditions and processes by which organisms become fossilized.
TEM: Transmission electron microscopy.
Tomography: Imaging by sectioning through use of any penetrating wave.

REVIEW QUESTIONS
 1. What conditions are needed for remarkable preservation of body fossils?
 2. Summarize the biogenicity criteria for (a) body fossils and (b) trace fossils.
 3. Summarize the antiquity criteria for (a) body fossils and (b) trace fossils.
 4. What are the best techniques to analyze a unique or rare microfossil?
 5.  Choose two analysis techniques commonly applied to studies of early life on Earth and 

describe the information that can be obtained from them.
 6. Why are habitable rocks from the earliest periods of Earth history so rare?
 7. What are the typical types of rocks that host Earth’s early life?
 8. What are the most robust examples of life from Pilbara and Barberton rocks?
 9. Why are signs of life from rocks in Greenland controversial?
10. Why is the study of the early fossil record important for astrobiology?
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C h a p t e r  9

Prebiotic Chemistry
In Water and in the Solid State

Vera M. Kolb

9.1 PREBIOTIC CHEMISTRY IN AQUEOUS MEDIA
Water is a preferred prebiotic reaction medium. One talks about prebiotic soup and pre-
biotic oceans as common places where the organic reactions have occurred on prebiotic 
Earth. Prebiotic chemists have focused mostly on the organic molecules that are water 
soluble, such as small molecules, or those possessing hydrophilic groups, such as hydroxyl 
and carboxyl. This became a limiting factor in the prebiotic synthetic repertoire, since 
most organic compounds are either insoluble in water or are only poorly soluble. Other 
media that are commonly used as solvents in the regular (nonprebiotic) organic syntheses, 
such as aliphatic and aromatic hydrocarbons, halogenated hydrocarbons, ethers, and alco-
hols, were not available on the prebiotic Earth as pools of liquids. They could be found only 
in relatively small amounts as compared to the large oceans of water.

This has created a great problem for prebiotic chemistry.
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9.1.1 Organic Reactions on Water and in Water

It has been shown recently that many organic materials that are not soluble in water are still 
capable of reacting in water, often at faster rates than in the organic solvents in which they 
are completely soluble. This has provided a new era in the study of the prebiotic reactions.

The old view that prebiotic reactions in water are hampered by the low solubility of the 
organic compounds in water is now being revised due to the discoveries of the reactions 
on water. These reactions occur in the heterogeneous system comprised of the organic 
compounds and water. Unexpectedly, such reactions are extremely efficient; they often give 
quantitative yields and are accelerated in the presence of water as compared to the organic 
solvents. These on water reactions are not the same as the in water reactions, which occur 
in solution, and are thus homogenous. We briefly address here the nomenclature issue. 
Reactions in aqueous medium may be described as in water, in the presence of water, and 
on water. These terms are sometimes used interchangeably, although they describe reac-
tions that occur under quite different conditions. The in water reactions are those in which 
the reactants dissolve in water, giving a homogeneous solution. The traditional prebiotic 
chemistry that was done with the water-soluble substrates would fall into this category. 
The on water reactions are those that proceed in aqueous organic emulsions or suspen-
sions. Often, all the starting materials for such reactions are prebiotically feasible, but since 
they are not water soluble, the reactions themselves were not examined in the past by the 
prebiotic chemists. Since such reactions were typically left out of the prebiotic chemists’ 
synthetic repertoire, we focus on them in this chapter. Examples of the on water reactions 
include Diels–Alder, Claisen, Passerini, and Ugi reactions, among many others. Some of 
these reactions are multicomponent but give a single product. We survey a selected num-
ber of these on water reactions, which have potential prebiotic applications.

9.1.2 Diels–Alder Reaction on Water

Diels–Alder reaction is a cycloaddition reaction that is used for making carbon–carbon 
bonds and specifically six-membered cyclic compounds. The cycloaddition occurs between 
two simple types of organic compounds, a diene and a dienophile (a compound that loves 
dienes), which add to each other to provide a cyclic compound. The importance of this 
reaction for organic chemistry cannot be overstated. Its discovery led to a Nobel Prize for 
the reaction itself and its synthetic utility and another Nobel Prize for the elucidation of its 
reaction mechanism, which involves specific interactions of the molecular orbitals of diene 
and dienophile. In the past, this reaction has been typically performed in organic solvents. 
Therefore, its great synthetic utility was not introduced to prebiotic chemistry, despite the 
fact that both dienes and dienophiles were abundant on the prebiotic Earth.

In the 1980s, Breslow and coworkers found out that some Diels–Alder reactions, when 
performed in the aqueous suspensions (thus on water), unexpectedly gave improved reac-
tion rates and selectivity. Continuing studies of this unusual reactivity by Breslow’s and 
other research groups made the Diels–Alder reaction a representative and one of the best-
known on water reactions. These studies have also opened the doors for inclusion of Diels–
Alder reaction in the prebiotic chemists’ synthetic toolkit.
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We show in Figure 9.1 a typical on water Diels–Alder reaction, between anthracene-9-
carbinol (a diene) (1) and N-methylmaleimide (a dienophile) (2), which provides the Diels–
Alder product (often called adduct) (3).

We focus on the following two critical questions about the mechanism of this on water 
reaction. How does this reaction occur when the reagents are not soluble in water? Why is 
the reaction accelerated in water as compared to the organic solvents? Before we explain 
the mechanism, let us introduce the reader into the strange world of the on water reac-
tions as far as the experimental observations are concerned. When one mixes the starting 
materials shown in Figure 9.1, the water-insoluble anthracene-9-carbinol (a diene, 1) and 
N-methylmaleimide (a dienophile, 2) with water, one observes a distinct powder and water. 
The powder does not appear to dissolve. When one refluxes (heats at the boiling tempera-
ture) the mixture, one does not observe any changes; the powder looks the same. Yet, if 
one follows the reaction progress, for example, by the thin-layer chromatography, one sees 
a steady reaction progress towards formation of the Diels–Alder adduct 3. After about 1 h 
of refluxing, the reaction is complete. When one filters the insoluble powder, one finds that 
it is a virtually pure product 3!

This reaction success was initially explained by a hydrophobic effect in which the water-
insoluble reactants 1 and 2 are pushed towards each other in an attempt to escape water. 
Their close proximity allows for an efficient molecular orbital overlap between them, and 
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FIGURE 9.1 An example of a Diels–Alder reaction performed on water.
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thus a faster and more selective reaction. The operation of the hydrophobic effect is sup-
ported by the influence various salts exert on the reaction. Depending on the structure 
of the added salts, the hydrophobic effect and the resulting reaction rates may increase 
(salting-out effect, by, e.g., LiCl) or may slightly decrease (salting-in, by, e.g., guanidinium 
chloride). Much work has been done on the additives that promote hydrophobic interac-
tion. For example, the addition of mono- or disaccharides and mono- or polyhydroxyl 
alcohols increases the hydrophobic effect. This would have an immediate applicability to 
the prebiotic soup, in which a pure water as a medium is unrealistic, but the presence of 
salts, small polar molecules, or amino acids is expected.

9.1.3 Passerini Multicomponent Reaction on Water

We now examine another example of the on water reaction, the Passerini multicomponent 
reaction. Various multicomponent organic reactions are known to occur on water. They 
typically give products of high purity and in almost quantitative yields. Generally, they are 
accelerated by water. These reactions have been studied recently from both synthetic and 
mechanistic points of view, because many of them are important for the pharmaceutical 
industry. For example, the Passerini reaction is useful in producing numerous derivatives 
via a combinatorial chemistry approach. An example of the Passerini reaction is shown in 
Figure 9.2. In this figure, we see that the three components, benzaldehyde (4), tert-butyl 
isocyanide (5), and benzoic acid (6), react in water to give a single product, benzoic acid, 
tert-butylcarbamoyl-phenyl-methyl ester (7).
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FIGURE 9.2 An example of a multicomponent Passerini reaction performed on water.



Prebiotic Chemistry   ◾   203  

When the Passerini on water reaction that is shown in Figure 9.2 is performed in the labora-
tory, the observations may be misleading, just like in the case of the previously discussed on 
water Diels–Alder reaction. When the ingredients 4, 5, and 6 for the Passerini reaction are 
mixed together in water, one observes a white solid, which looks just like benzoic acid (6) and 
which does not seem to dissolve. Upon mixing, within a few minutes, the white solid never dis-
appears, but the reaction is complete. If one removes the white solid from the aqueous medium 
and analyzes it, one finds that this solid is not the unreacted benzoic acid (6), as it would appear, 
but is the essentially pure product, namely, the tert-butylcarbamoyl-phenyl-methyl ester of 
benzoic acid (7). The speed of the reaction is remarkable.

All the starting materials of the Passerini reaction are feasible prebiotic compounds. By 
feasible we mean that these and similar compounds have either been found on the meteor-
ites, such as Murchison, or could be reasonably easily synthesized by the known simulated 
prebiotic reactions. Since Passerini reaction can be performed on water, it has a great prebi-
otic potential. The resulting product could help build chemical diversity in the prebiotic soup.

9.2  IMPORTANCE OF MULTICOMPONENT 
REACTIONS IN PREBIOTIC CHEMISTRY

Not so long ago, it seemed that the field of prebiotic synthesis has exhausted all the imagin-
able synthetic pathways. The success in synthesizing various complex prebiotic molecules 
that are biorelevant was sporadic. The progress in expanding the basic synthetic menu was 
not steady. Two major synthetic difficulties interfered with the progress.

The first difficulty is that the prebiotic syntheses in the laboratory should not be assisted, 
or be minimally assisted, in order to mimic the primordial systems. For example, we are 
allowed to mix together all the chemicals that are needed for the synthesis of the desired 
product, but are not allowed to add them sequentially, even though the synthesis we are 
trying to model may occur in several distinct steps. In addition, we are not allowed to use 
the procedures that in regular syntheses assure good yield and purity of the product, such 
as the protection and deprotection of the reactive functional groups, filtering out the sol-
ids, separation of the reaction layers, extractions, and various purifications steps.

Organic chemists typically perform either a linear synthesis, shown in Scheme 9.1, or a 
convergent synthesis, which is presented in Scheme 9.2.

A + B C D G E

F

I

G-E

G-H

G-H-I 

SCHEME 9.1 Linear synthesis of the target molecule G-H-I, achieved by a series of sequential steps.
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According to Scheme 9.1, chemists would first combine A and B, with the required solvent 
and catalyst as needed, and would monitor the reaction progress by some standard analytical 
means (e.g., spectroscopically or via a thin-layer chromatography). After the reaction is done, 
chemists would purify C to remove any unreacted starting materials A and B and other pos-
sible impurities, such as the organic by-products and inorganic compounds. Chemists would 
also employ protecting groups as needed. Let us assume that C has several functional groups, 
as often is the case. If the reactant D would destroy some functional group in C, before it 
could productively react with C to give G, chemists would need to protect the sensitive group 
in C first. Then chemists would combine the protected compound with D to obtain G, which 
would still have the protecting group attached. The protecting group can be removed at this 
or at the later steps, as needed. None of these options are available in the laboratory simula-
tions of the prebiotic reactions. All the reagents would have to be mixed at once.

Organic chemists employ also convergent synthesis, depicted in Scheme 9.2.
This type of synthesis is popular for making complex molecules. In convergent synthe-

sis, two (or more) building blocks of the target molecule are synthesized separately and 
are then reacted together. Scheme 9.2 shows the convergent synthesis of G-H-I, a molecule 
whose linear synthesis was previously shown in Scheme 9.1. Prebiotic chemists sometimes 
utilize the convergent approach for making components of complex molecules, such as 
nucleic acids, by synthesizing separately their building blocks and then combining them 
in a subsequent step. Since prebiotic reactions are not supposed to be assisted, prebiotic 
chemists justify this approach by a possibility that the building blocks in some cases may 
be made at different locations and then be mixed by chance.

The prebiotic equivalent of Schemes 9.1 and 9.2 is presented in Scheme 9.3.
In Scheme 9.3, all the ingredients are mixed together and the desired product G-H-I is 

supposed to form with no intervention. Intractable mixtures often result, with only a small 
amount of the desired product being formed. The obtained mixture is often composed 

A + B C
D

G

E + F H

G-H

I

G-H-I 

SCHEME 9.2 Convergent synthesis of the target molecule G-H-I, achieved by a combination of 
two building blocks that were synthesized separately.

A + B + D + E + F + I G-H-I

SCHEME 9.3 Prebiotic equivalent of Schemes 9.1 and 9.2. All the chemicals are mixed together in 
one step.
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mostly of the undesired by-products and side reactions. Scheme 9.3 dramatically illustrates 
difficulty of any complicated multistep reaction to occur prebiotically to give the desired 
product in a reasonable yield and purity.

The multicomponent reactions offer great advantages over the synthetic pathways that we 
have described in Schemes 9.1 and 9.2. For example, in the Passerini reaction (Figure 9.2), we 
have three components that react fast and give a single product. If the structures of the com-
ponents are varied, numerous new compounds can be synthesized easily. This could be a great 
generator of diversity of chemicals in the prebiotic soup. All three components, the isocya-
nide, the aldehyde, and the carboxylic acid, are prebiotically feasible. New multicomponent 
reactions have been discovered based on isocyanide chemistry in the regular, nonprebiotic 
chemistry. This opened new possibilities for the prebiotic chemistry. Thus, without protection/
deprotection, isolation, purification, and similar manipulations, the Passerini multicompo-
nent reaction gives the product in one step, in virtually quantitative yield, and in high purity.

Recently, Sutherland and his coworkers have successfully applied multicomponent reac-
tions of the Passerini type to various aspects of prebiotic synthesis of nucleotides and their 
components, which were previously notoriously difficult. In some applications, they have 
used the isocyanide chemistry that was modeled by the multicomponent Ugi reaction 
(related to the Passerini reaction), in which an isocyanide, an aldehyde, and ammonium 
chloride were reacted.

9.3  SOLVENTLESS AND SOLID-STATE REACTIONS 
IN PREBIOTIC CHEMISTRY

Myriad organic compounds have been found on meteorites that belong to the type of 
meteorites called carbonaceous chondrites. The most famous and most extensively 
studied such meteorite is named Murchison meteorite. Tens of thousands of different 
molecular compositions were revealed on the Murchison meteorite by the application of 
ultrahigh-resolution analytical methods that combine state-of-the-art mass spectrom-
etry, liquid chromatography, and nuclear magnetic resonance. The examples of organic 
compounds found on the Murchison meteorite include aliphatic and aromatic hydro-
carbons, carboxylic acids, hydroxyl carboxylic acids, dicarboxylic acids, carboxamides, 
amino acids, aldehydes, ketones, alcohols, amines, purines and pyrimidines, nitrogen 
heterocycles, sulfonic acids, and phosphonic acids, among many others. Meteorites 
are obtained from meteors, and the latter from asteroids. It has been proposed that the 
organic materials were brought to the early Earth on the meteorites. These chemicals 
were important for chemical evolution that led to life. A question arises how these chem-
icals were made under the extraterrestrial conditions. Chemistry on asteroids is consid-
ered important for the early chemical evolution. Water on asteroids was available only 
sporadically, causing so-called aqueous alteration (the change in composition of a rock, 
produced in response to interactions with H2O-bearing ices, liquids, and vapors by 
chemical weathering). Although most organic compounds are not water soluble, they 
could react on water, as described in the previous sections. We have proposed an addi-
tional way for the reactions on meteorites to occur, without water or any solvent, as 
solventless or solid-state reactions.
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9.3.1 How Solventless and Solid-State Reactions Occur

Any student of organic chemistry knows that if the melting point of the product is low-
ered, this typically indicates impurities. Students may recall the mixed-melting-point 
procedure, by which one can identify the unknown compounds. One prepares approxi-
mately 1:1 mixture of the unknown compound with the known compound, which one 
suspects the unknown could be. Then one takes the melting point of the mixture. If the 
melting point of the mixture is the same as that of the unknown, the unknown is identical 
to the known compound. If the melting point is substantially lower, the guess is incorrect.

The mixed-melting-point procedure is based on the phenomenon that the melting point 
of a pure compound becomes lower when a different compound is added to it. The two 
compounds act as impurities to each other. The incorporation of the impurities into the 
crystalline lattice of a pure compound breaks up its regular crystalline pattern and results 
in the lowering of the melting point.

As more impurities are added, the melting point becomes progressively lower. In some 
instances, the lowering of the melting point is sufficient to cause the mixture to melt. If so, 
chemical reactions could occur in the melted state and the need for the solvent is elimi-
nated. Such reactions are known as solventless.

Another scenario is when the solid reactants are mixed, the melting point is lowered, 
but the mixture does not melt. Such a mixture, especially if well ground, may become reac-
tive. Sometimes mild heating speeds up the reactions. Such reactions are known as solid–
solid reactions. Other variations exist. For example, when a liquid and a solid component 
are mixed or ground together, the suspension becomes reactive. Sometimes a gas–solid 
reaction is successful. All these scenarios could be fruitful on asteroids.

Our main focus is on solventless and solid–solid reactions. The asteroids are presumably 
rich in the organic compounds, judging by the analysis of Murchison and similar carbona-
ceous chondrites. Some of these compounds may be reactive towards each other, but oth-
ers may not be. However, the unreactive compounds could lower the melting points of the 
mixtures in which the reactive compounds are found, enabling their reactions to occur in 
the melted state. The temperature estimates on the asteroids include a range from 25°C to 
100°C, which is consistent with aqueous alterations and is friendly to the organic reactions 
and preservation of the organic compounds. The heat to maintain this temperature range 
is provided by the radioactive processes or impacts.

9.3.2 Examples of Prebiotically Relevant Solventless and Solid-State Reactions

Literature describes many organic reactions that occur as solventless or in the solid state. 
These reactions often occur rapidly and are remarkably efficient. Examples include all major 
types of organic reactions, such as oxidations, reductions, eliminations, substitutions, con-
densations, cyclizations, rearrangements, formation of carbon–carbon, carbon–oxygen, 
and carbon–nitrogen bonds, among many others. Detailed experimental procedures for 
solvent-free reactions are compiled also in a recent book by Tanaka. Many such procedures 
fulfill the prebiotic requirements either completely or they could be made prebiotic rather 
easily, by introducing some minor modifications. Especially interesting is the formation of 
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ethers in the solid state, from the solid mixture of the alcohols and in the presence of acid 
catalysts. Such a synthesis could be a prebiotically feasible way to produce various ethers. 
Such ethers could be used as membranes for the primitive life. While most contemporary 
life uses lipids, which are esters, some Archaea’s membranes are ethers. Other interesting 
examples include syntheses of rather large molecules that are related to porphyrins. These 
and other examples are presented in the following, with the chemical equations and essen-
tial conditions. They illustrate a great potential for prebiotic chemistry.

In Figure 9.3, we show a solid-state reaction of alcohols (8) to form ethers (9) under acid 
catalysis of TsOH (p-toluenesulfonic acid).

Alcohols (8) are prebiotically feasible, but the corresponding ethers (9) are difficult 
to make prebiotically in the aqueous solution, since water needs to be driven off during 
the reaction. The solid-state etherification reaction provides a viable prebiotic path to the 
ethers. TsOH could be substituted by prebiotic acid catalysts, such as various acidic clays. 
Heating to remove water would be helpful.

In Figure 9.4, we show the solid-state oxidative coupling of a phenol, 2-naphthol (10), which 
is converted to [1,1′-binaphthalene]-2,2′-diol, known as BINOL (11) with FeCl3 as a catalyst.

BINOL is formed as a racemic mixture of two enantiomers, which are shown in 
Figure 9.4. BINOL enantiomers can be readily separated and are stable towards racemiza-
tion. This synthesis is prebiotically feasible and the chiral properties of BINOL may have a 
prebiotic catalytic potential.

Aldol-type reactions, in which carbon–carbon bonds are made, play an important role 
in chemistry and biology and are also of a great prebiotic importance. An example of aldol 
reaction in which basic alumina is used as a catalyst, under solvent-free conditions, is 
shown in Figure 9.5.

An aromatic aldehyde (12), which does not possess an α-H (hydrogen next to the alde-
hyde carbonyl), reacts with an aromatic ketone (13), which has an α-H (hydrogen next to 
the ketone carbonyl). The ketone 13 is able to make an α-carbanion (enolate) in a base-
catalyzed reaction in which the α-H is removed. This α-carbanion reacts with the car-
bonyl of 12 in an addition reaction to eventually yield the product 14. The aldehyde 12 
cannot make an α-carbanion, since it does not have an α-H, and thus is unreactive with 
another aldehyde 12 or ketone 13 molecule. The α-carbanion of ketone 13 reacts only with 
the aldehyde 12 but does not react with other molecules of the ketone 13, since the reac-
tion is thermodynamically unfavorable. Therefore, the reaction is clean since there is no 
cross-reactivity and a single product is obtained. This reaction also illustrates that a belief 

R1

R2

H OH
TsOH

Grind

R1 R1

R2R2

H HO

8 9

FIGURE 9.3 Solid-state formation of ethers from alcohols.
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that prebiotically “everything reacts with everything” may be sometimes misleading. 
Single products may be obtained due to the intrinsic limitations in the reactivities of the 
starting materials, as in this example.

A solventless aldol reaction in which two solids melt upon grinding is shown in 
Figure 9.6. The aldehyde 15 reacts with the ketone 16 to provide a single product 17, with 
the help of NaOH as a basic catalyst.

OH

OH

OH

FeCl3 · 6H2O

Solid state

OH

OH

+

10

11
As a racemic

mixture

FIGURE 9.4 Solid-state oxidative coupling of phenols: conversion of 2-naphthol to BINOL.

+ Al2O3

Solvent free

12 13

O

H

R1

O

H3C

R2

O

R2
R1

14

FIGURE 9.5 Solvent-free aldol condensation with basic alumina as a catalyst.
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The mechanism of the reaction is the same as in the previous case, shown in Figure 9.5. 
Again, a single product is obtained for the same reason. In this case, when the two solids, 
15 and 16, are mixed together, the melting point of the mixture is lowered sufficiently for 
melting to occur.

A rather spectacular synthesis is shown in Figure 9.7, in which a corrole, a porphyrin ana-
logue, is formed. The reaction occurs under solventless conditions with Al2O3 as catalyst. 
Pyrrole (18) reacts with an aromatic aldehyde (19) to provide a corrole (20). Such a corrole 
could serve as a primitive enzyme, since it has a metal complexing site in the center of the 
molecule. A diversity of the structures of corroles can be achieved by varying the aromatic 
aldehyde (19) structure via introduction of different substituents into the aromatic ring.

+

O

Solid Solid

(1) Grind until melted

(2) Add NaOH

O

H

15 16

17

OCH3

OCH3

O

H
H3CO

H3CO

FIGURE 9.6 Solventless aldol condensation with NaOH as a catalyst.
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FIGURE 9.7 Solventless condensation of pyrrole and aromatic aldehyde to give a corrole.
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Esters can be prepared from carboxylic acids and alcohols, with strong acid as a cata-
lyst, in a process named Fischer esterification. To obtain the ester product, the equilibrium 
needs to be shifted towards the products, which are the desired ester and undesired water. 
This is achieved in the organic laboratory typically by using conc. H2SO4 as a catalyst and 
a dehydrating agent, or by contraptions such as Dean–Stark trap, to remove water. Neither 
procedure can be worked out to be prebiotic. Although both carboxylic acids and alcohols 
are prebiotically feasible, the reaction is problematic in the aqueous solution, since water 
needs to be removed to shift the equilibrium towards the desired ester. The solvent-free 
esterification shown in Figure 9.8 provides a more feasible prebiotic alternative.

The carboxylic acid 21 reacts with the alcohol 22 to provide the ester 23, without the 
solvent, with Lewis acid catalysts. The MgSO4 salt could bind water to form a hydrate. 
The water from the hydrate could then be removed by heating. MgSO4 could thus serve as 
a recyclable dehydrating agent. This appears to be prebiotically feasible.

The solid–solid esterification of cholesterol is definitely feasible for the prelife. The reac-
tion is shown in Figure 9.9.

Cholesterol solid–solid esteri�cation

+

O

O

HO

OH

Cholesterol Oxalic acid

Grind
90°C, 1 h
100% yield

O

O
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O-Chol

HO 24 25
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FIGURE 9.9 Solid-state esterification of cholesterol.
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FIGURE 9.8 Solvent-free formation of esters from carboxylic acids and alcohols.
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Cholesterol (24) reacts with oxalic acid (25) to give the corresponding ester (26), upon 
mixing and heating in a solid–solid reaction. The ester 26 could perhaps serve as a primi-
tive lipid membrane in the primordial protocells.

It is often difficult to get a high yield of well-defined macromolecular materials in the 
aqueous solution. The example in Figure 9.10 dramatically illustrates success of the solid-
state chemistry in creating such materials.

In this example, resorcinol (27) reacts with benzaldehyde or its derivatives (28), under 
the solvent-free conditions. Acid catalyst (TsOH) is used. A remarkable cyclocondensation 
occurs at room temperature. After only 1 h, a large cyclic molecule 29 is formed. It could 
perhaps serve as a primitive enzyme. The TsOH could probably be substituted with some 
acidic clay.

HO OH
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TsOH (catalytic amount, ca. 5%)
Grind
1 h, r.t.

OHHO
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FIGURE 9.10 Resorcinol/aldehyde solvent-free cyclocondensation.
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9.4 CONCLUSIONS
In this chapter, we have shown new synthetic avenues for prebiotic chemistry. These include 
on water, solventless, and solid–solid reactions. These reactions expand the repertoire of 
prebiotic chemistry in the prebiotic soup and in the oceans, as well as on the asteroids.

We have discussed Diels–Alder and Passerini multicomponent reactions, which provide 
rich chemistry starting from the prebiotically feasible starting materials. These starting 
materials are not water soluble, but the reactions occur smoothly, in a selective manner and 
high yields, in the aqueous suspensions (on water). We have also addressed the mechanism 
by which such on water reactions occur. There are many more known organic on water 
reactions, and they should be gradually explored for their prebiotic potential.

Solventless and solid–solid reactions are relevant to the chemistry on asteroids. We show 
selected examples of the key organic reactions, including formation of carbon–carbon and 
carbon–oxygen bonds, which occur with ease in the solventless media. High yields and 
clean products result. Especially important and relevant are esterifications, etherifications, 
aldol-type condensations, and preparations of the large cyclic molecules. The latter could 
serve as primitive enzymes. We have also discussed a general mechanism by which the 
solventless and solid–solid reactions occur. Again, many more such reactions are known 
within the general organic chemistry repertoire, and they should be explored for their pre-
biotic potential.

GLOSSARY
Aldol reaction: A reaction between aldehydes and ketones that can make enolate ions 

(carbanions next to the carbonyl) and that produces new C-C bonds.
Archaea: A domain (kingdom) of single-celled microorganisms that are of ancient origin; 

many live in the extreme environments.
Combinatorial chemistry: A synthetic approach by which a large number of compounds 

can be made in a single process.
Convergent synthesis: A synthetic method in which two (or more) building blocks of the 

target molecule are synthesized separately and are then reacted together.
Diels–Alder reaction: A cycloaddition reaction between a diene and dienophile. This 

reaction makes C-C bonds and cyclohexane rings.
Functional groups: Chemical groups that characterize chemical behavior of the organic 

molecules, such as alcohols, ethers, esters, carboxylic acids, amines, and amides, 
among many others.

Hydrophobic effect: A tendency of nonpolar molecules to aggregate in aqueous solution 
and exclude water molecules in the process.

In water reactions: Reactions between components that are soluble in water and that 
occur in water.

Linear synthesis: A synthetic method in which synthesis of the target molecule is achieved 
by a series of sequential steps.

Mechanism of reaction: A stepwise path from the reactants to the products; a step-by-
step sequence.
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Mixed melting point: Melting point of a mixture, typically a 1:1 ratio between an 
unknown compound and a known compound that is believed to be identical to 
the unknown.

On water reactions: Reactions between components that are not soluble in water and yet 
react in water (aqueous suspension).

Passerini reaction: A multicomponent reaction, with three components, an aldehyde, a 
carboxylic acid, and an isocyanide.

Protecting groups: Chemical groups that modify a selected functional group in the 
molecule to make it resistant to selected reagents. The protecting groups should 
come off easily to regenerate the original group. This is called a deprotection 
process.

Reflux: Heating a solution at its boiling point. This ensures heating at a constant tempera-
ture. A typical setup includes a flask with the solution with the attached condenser 
that is placed in a vertical position. This ensures that the boiled liquid is not lost, 
but it condenses and returns to the flask.

Solid–solid reactions: Reactions in which the solids are mixed, but do not melt. The reac-
tion then occurs in the solid state.

Solventless reactions: Reactions that occur without solvent, typically by grinding two 
solids that then act as impurities to each other, which results in the overall melting 
of the mixture. Then the melted medium acts in lieu of the solvent.

Spectroscopy methods: Methods used for identification and often quantification of 
mostly organic materials. Examples include infrared, nuclear magnetic resonance, 
and mass spectrometry, among others; please consult basic organic books for a 
more detailed coverage.

Thin-layer chromatography: A method of separation of compounds on a thin layer of 
adsorbent material, such as silica gel of aluminum oxide, which is deposited on 
a glass plate or a plastic or aluminum sheet (so-called TLC plate). The material is 
applied on the TLC plate and is moved on the adsorbent by an appropriate solvent. 
The positions of the spots that correspond to the various compounds from the 
mixture can be visualized often by the ultraviolet light lamp.

REVIEW QUESTIONS
 1.  Explain on an example of a Diels–Alder reaction how two components (a diene and a 

dienophile) that are not soluble in water still can react in a water suspension (on water) 
to give the cycloaddition product (Diels–Alder adduct).

 2.  Diels–Alder reactions are often faster when performed on water than in an organic 
solvent in which both starting components are freely soluble. Offer a reasonable expla-
nation for this observation.

 3.  Why are multicomponent reactions important for prebiotic chemistry? Provide more 
than one reason for their importance.
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 4.  What is the difference between in water and on water reactions? Why are on water 
reactions important in prebiotic chemistry?

 5.  Give an example of a solid-state method for making ethers. Why is making ethers 
prebiotically important? What are the possible uses of ethers in primitive protocells?

 6.  Simulated prebiotic reactions are typically done in water. What other organic and 
inorganic ingredients should be added to water to make the experiments more reflec-
tive of the composition of the prebiotic soup?

 7.  Research the papers by Sutherland and his coworkers about prebiotic synthesis of 
nucleotides and their components, which are listed under the recommended readings. 
What have they achieved that others were not able to?

 8.  Explain the mixed-melting-point principle and how it provides a foundation for the 
solventless reactions.

 9.  Consider the following situation on an asteroid. Two solid compounds could react 
with each other chemically (thus their reactivities are appropriately matched), but 
their mixed melting point is very high. What options would exist on the asteroid to 
lower their mixed melting point?

10.  Examine the experiments in your organic laboratory textbook. Look for the experi-
ments that are labeled green. Some of the green (environmentally friendly) experi-
ments are performed in water. Which products do such green experiments give? Do 
you think that such products would be of a prebiotic value? Use your knowledge of 
a general biochemistry as a guide and assume that some of the biochemical com-
pounds were originally assimilated by the primitive protocells from the prebiotic 
environment.
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10.1 INTRODUCTION
Compartmentalization was important in the origins of life. This chapter will outline 
 general physical and chemical principles that could lead to compartmentalization of 
organic matter on the prebiotic Earth. Possible types of compartments and mechanisms 
for concentrating organic matter within them will be discussed. Special emphases will be 
placed on amphiphile self-assemblies and the phenomenon of aqueous phase separation in 
polymer-containing solutions as means of forming prebiotic reactors.

Thus far, in earlier chapters, we have learned about probable conditions on the early 
Earth and processes that could lead to the formation of organic molecules, including poly-
meric precursors to the molecules of life. In this chapter, we examine physical mechanisms 
by which this organic material could have become concentrated together and encapsulated 
within a precursor of living cells. A characteristic of living organisms is that they have a 
clear boundary between inside and outside, or self and nonself. They are distinct from their 
surroundings. This chapter will introduce several classes of compartments that would likely 
have been present on the early Earth that could have assisted in the chemical synthesis and 
concentration of organic molecules (Koonin, 2007). Once sufficient quantities of organic 
molecules were present, additional types of compartmentalization would have become 
possible. We will learn about two main classes of self-assembled microcompartments that 
form spontaneously from nonliving organic matter: amphiphile vesicles and polymer-rich 
aqueous phase droplets. Both types of organic compartments can provide a semiperme-
able boundary while encapsulating internal compositions distinct from the external milieu 
(Rasmussen et al., 2003). Such structures could have served as important microreactors 
during the chemical evolution of nonliving matter and as templates for the formation of the 
first cellular life.

10.2 IMPORTANCE OF COMPARTMENTS
Compartmentalization was likely essential on the early Earth to facilitate the chemical 
reactions that led to the appearance of organic macromolecules and would have further 
enabled noncovalent interactions and molecular self-assembly (Chen and Silver, 2012). 
Many chemical reactions are concentration dependent. For example, the rate of amino 
acid polymerization to form polypeptides depends upon the concentration of amino 
acid precursors. Prior to cellular life, special sites such as mineral surfaces, compart-
ments within porous rock, salty liquid pools left behind when water freezes or evaporates, 
or aerosol droplets could have served as sites for molecule concentration and reaction 
(Koonin, 2007). This is thought to be crucial because the earliest organic molecules would 
have been very dilute, and hence mechanisms for their selection and concentration for 
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reaction were needed. Various types of microenvironments on the early Earth could have 
supplied  necessary reagents or conditions to facilitate the formation of macromolecules 
such as peptides or nucleic acids. These include thermal vents, air–ocean, and ocean–
rock interfaces, which remain an important resource for many elements and organic 
 compounds today.

Once synthesized, the prebiotic organic materials would need to be further compart-
mentalized into discrete units that could serve as early, nonliving progenitors of the first 
cellular life. These precellular assemblies, termed protocells, are thought to have self-
assembled from organic molecules and to have facilitated the conversion of the organic 
matter into functional macromolecules such as catalytically active nucleic acids and pro-
teins (Chen and Silver, 2012). Protocellular compartments are generally considered to 
be characterized by a semipermeable boundary and to capture one or more additional 
aspects of living cells; ultimately, these structures must have developed mechanisms to 
grow and divide while replicating their internal informational and metabolic molecules 
(Luisi et al., 2006).

Compartmentalization of organic materials into protocells could serve several impor-
tant functions. First, protocells could concentrate the otherwise dilute progenitors of bio-
molecules to enable their reactions (e.g., polymerization, addition of functional groups) 
and interactions (e.g., binding, self-assembly, competition). This could be accomplished 
selectively, such that only some molecules were concentrated into the compartments and 
allowed to interact (by selective interactions or semipermeable boundaries), while others 
remained in the dilute external media. Separate compartments could have harbored dis-
similar collections of molecules, resulting in different reaction outcomes (Branciamore 
et al., 2009). The interior of protocells would have had a distinct microenvironment that 
could facilitate certain processes, while preventing others, to protect against adverse reac-
tions and conditions occurring in the surroundings.

Despite clear benefits of compartmentalization for selectively increasing local  molecular 
concentrations, protection from adverse reactions, and providing favorable microenvi-
ronments, not all means nor all consequences of compartmentalization will necessarily 
be beneficial. For example, the permeability of the protocellular compartment must be 
limited such that molecules of interest can be retained while still enabling precursors to 
enter and unnecessary or waste molecules to depart (Morse and Mackenzie, 1998). Modern 
cells are contained within a proteolipid bilayer, in which sophisticated methods of passive 
and active transport are used to move ions and molecules in and out of the cell, gener-
ally involving membrane proteins (Chen and Silver, 2012). New materials are added to the 
membrane by biosynthesis, allowing it to expand as part of the cell’s growth and division 
cycle. For early probiotic life to grow and divide, there would need to be some correspond-
ing means of producing new molecular area and of controlling transport in the absence 
of membrane transport proteins. Even for much simpler compartments such as molecular 
layers on mineral clays, one must be alert for possible challenges such as the greater bind-
ing affinity that can arise with increased molecular length, which could make it difficult to 
release polymers after their formation.
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10.3  COMPARTMENTS WERE PRESENT PRIOR TO THE APPEARANCE 
OF ORGANIC MATTER

The geophysics and properties of the prebiotic ocean, atmosphere, and rock formations are 
thought to have set the stage for the conversion of simple organic molecules into complex 
biopolymers, as shown in Figure 10.1.

Within these macrocosms existed a diverse selection of potential microenvironments, 
able to catalyze prebiotic chemistry. Solid–liquid and liquid–gas interfaces could have pro-
moted the emergence of complex structures necessary for life (Vaughan and Lloyd, 2012). 
By preconcentrating certain rare organic molecules together, reactions were able to occur 
forming new, functional biopolymers. Material at these interfaces could have ultimately 
formed one of the organic microcompartments described in Sections 10.4 and 10.5; such 
structures may have been initially stabilized by interactions with structures such as mineral 
surfaces. In this section, we introduce several general classes of compartments that could 
have been present even before organic matter was prevalent on the early Earth and that may 
have facilitated the formation and concentration of the organic matter.

10.3.1 Concentration by Water Removal

In the warm pond originally envisioned by Darwin, repeated cycles of water evaporation 
and condensation would have provided a means of concentrating initially dilute organic 
matter (Darwin, 1870). One can envision several scenarios in which aqueous mixtures of 
organic molecules become concentrated, perhaps all the way to dryness, by loss of water to 
the atmosphere, and are rehydrated at a later time. This process could have facilitated reac-
tions between the organic materials, which would otherwise be too dilute to interact with 
each other. The cyclic nature of concentration/dilution processes could give an added advan-
tage to molecules in this type of an environment, by allowing reversible binding interactions 
between different sets of molecules that might have binding affinities too high under one set 
of conditions (i.e., cannot dissociate) and too unstable under another (i.e., cannot associate).

A related scenario could occur when water that contains organic solutes freezes. When 
ice forms from solutions that contain dissolved salts and organic molecules, these solutes 
can be excluded from the crystal and become concentrated. When particular salt concentra-
tions are reached, an ice/solute mixture, the eutectic, forms with the lowest complete melting 
point of any combination of the same ingredients. At particular salt concentrations, a eutectic 
forms with the lowest complete melting point of any combination of the same ingredients. 
The eutectic can remain liquid well below the freezing point of water. The combination of 
various salts and metal ions present could have led to a eutectic composition within oceanic 
environments. The resulting salty, organic-rich eutectic mixtures could serve as microreactors 
in much of the same way that a partially evaporated warm pond could. Scientists have used 
the ice eutectic premise to demonstrate the compartmentalization of RNA and other cofactors 
for RNA replication reactions. A liquid pool remaining after sample freezing permitted RNA 
replication despite low overall concentrations of precursor molecules by colocalizing them 
within the eutectic liquid (Attwater et al., 2010). Although cold temperatures (~−7°C) are 
not generally associated with fast reaction rates, they could prove favorable in some cases due 
to the reduced risk of RNA degradation. While this particular example dealt with complex 
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FIGURE 10.1 Regions on the Earth have the potential to form compartments of organic mat-
ter. Porous rock is an example of a solid–liquid interface, where charged solids have the ability 
to attract and compartmentalize organic matter. Thermal vents also have the potential to act as 
compartments and can display a wide range of gradients in temperature and ion concentration. Ice 
crevices act as a compartment through the removal of water upon freezing, leaving organic mat-
ter concentration in a small pool. Interfaces between water and air can compartmentalize matter 
through aerosol droplets.
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functional macromolecules, it seems plausible that simpler reactions could have benefited 
from this manner of compartmentalization as well.

10.3.2 Solid–Liquid Interfaces

The solid–liquid interface provides a different chemical and physical environment from 
bulk fluid. Films of macromolecules can form and persist at such interfaces due to 
 interactions with the mineral surface and may experience locally different pH or ion con-
centrations (Vaughan and Lloyd, 2012). Adsorption of molecules at mineral surfaces thus 
provides a means of selection and concentration. For example, clay mineral surfaces are 
able to facilitate polymerization of amino acids or nucleotides to form small, protein-like 
polypeptides or RNA nucleotides, respectively (Deamer, 1997). In addition, the surface of 
minerals may have acted as catalysts for redox transformation and respiration of oxygen 
and nitrate species, which precellular assemblies may have used for an electron source. 
Crevices and pores in rocks and clays provide particularly high surface area microenviron-
ments where material required for the production of prebiotic polymers or amphiphiles 
could have been concentrated and assembled into compartments (Knauth, 2005).

10.3.3 Liquid–Gas Interfaces

Liquid–gas interfaces such as between planetary ocean and atmosphere also present poten-
tial routes to reaction preorganization that could have facilitated the emergence of simple 
organic molecules. In particular, aerosols close to the water–air interface on ancient Earth 
could have been significant. Aerosol particles, which are composed of either liquid or solid 
suspensions in air, have a large surface area due to their small size, contributing to the adsorp-
tion of organic films along their surface. Depending on their makeup, aerosols can undergo 
photochemical processes, nucleation and growth, coagulation and division, evaporation, 
and deposition into the ocean. All of these processes represent feasible ways in which bio-
chemical processes could have been catalyzed (Griffith et al., 2012; Griffith and Vaida, 2012).

10.3.4 Environmental Gradients

Interfaces occurring in the environment, such as those discussed in the previous sections, 
are not the only locations where functional molecules could have emerged. Gradients 
in ionic strength, temperature, pH, and dissolved materials also represent special envi-
ronments where reactions could preferentially occur. Modern cells need physicochemi-
cal ion gradients to live, grow, and divide. Gradients in specific ions and/or overall ionic 
strength may also have been important on the prebiotic Earth (Spitzer and Poolman, 2009). 
Temperature gradients could also have been important in molecule formation and associa-
tion. The rates of many chemical reactions are temperature dependent, hence,  diffusion 
between regions of higher and lower temperature, for example, could have provided a 
primitive sort of annealing of inter- and intramolecular binding. Gradients of pH would 
also have been important since the pH controls the charge on many organic molecules. 
For example, a carboxylic acid with a pKa of 4.5 will exist primarily in its protonated 
form below pH 4.5 (i.e., neutral) and primarily in its deprotonated state above this pH 
(i.e.,  negatively charged). The pKa represents the point at which half the molecules are pro-
tonated and half are deprotonated. This can greatly alter electrostatic interactions between 
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 molecules that have functional groups that can be protonated. Lastly, dissolved materi-
als such as metal ions have important functions for the catalysis of functional molecules. 
In modern cells, enzymes harness metal ions for general acid–base catalysis, so it seems 
plausible that metal ions may have served the same function for early molecules and pro-
tocells. Flux of metal ions would increase catalytic activity, such as bond cleavage, to make 
new molecules (Spitzer and Poolman, 2009). It should be noted that the different types of 
physical microenvironments described in Sections 10.3.1 through 10.3.3 could also have 
been subjected to gradients in composition and physical properties. For example, porous 
rocks near hydrothermal vents could have experienced particularly favorable conditions 
for the formation of organic material and its ultimate assembly to form protocells. Under 
simulated hydrothermal vent conditions, pyruvate has been synthesized from alkyl thiols 
and carbon monoxide at high temperature (250°C) in the presence of metal sulfides, all 
reagents that were likely to be found in hydrothermal vents (Novikov and Copley, 2013).

10.4 AMPHIPHILIC MOLECULES FORM BILAYER COMPARTMENTS
Once organic materials started to accumulate, it is likely that their chemical and physical 
properties led to their association with each other. Of particular interest are molecular 
amphiphiles. Biological membranes and vesicles are compartments formed from a bilayer 
of such molecules. The structure of an amphiphilic molecule consists of a hydrophilic head 
group that carries charge(s) or highly polar bonds as well as a nonpolar chain.

These groups, like those shown in Figure 10.2, can interact with water through hydrogen 
bonding and dipole–dipole interactions. The other part of the molecule is hydrophobic, typi-
cally composed of carbon–hydrogen chains or rings and cannot hydrogen bond with water. 
The amphiphilic molecules can assemble together to form a bilayer in aqueous solutions 
because only one side interacts favorably with solvent. Vesicles and micelles formed from such 
bilayers are attractive as early compartments because they form spontaneously under biologi-
cally relevant conditions from molecules thought to be plausible in the prebiotic environment.

Inside the bilayer, van der Waals forces determine the stability. The longer the hydrophobic 
chain is and the fewer double bonds it has, the more likely the layer will hold itself together in 
a solid-like form. Short chains, and double bonds (which can cause bending in the chain), lead 
to less intermolecular attraction and less ordering of the chains, resulting in a more fluid layer 
at a given temperature. The temperature at which the transition from solid-like to fluid layers 
occurs is the melting transition temperature, or TM of the membrane. Lipids above and below 
the TM will behave similar to oil and butter at room temperature, respectively.

Amphiphiles will hydrate spontaneously in aqueous solution to form several structures 
as shown in Figure 10.2. Micelles form when the hydrophobic tails assemble together in the 
center to form small, oil-filled spheres. When bilayers form into a compartment with an aque-
ous interior, it is a vesicle. Vesicles can vary greatly in size, have multiple layers, and con-
tain other vesicles, as described in Figure 10.2. Vesicles have many  similarities to modern cell 
membranes and can be made from the same molecules experimentally. A modern cell mem-
brane contains many proteins that expand its functionality beyond that of just an amphiphilic 
bilayer. However, lipid membranes are crucial to the modern cell’s compartmentalization, 
and therefore, vesicles must be strongly considered for early life compartmentalization as well.
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10.4.1  Difference between Modern and Early Earth Amphiphile 
Membranes Can Be Derived from Molecular Structure

Modern lipids tend to form bilayer sheets rather than micelles. The phospholipid bilayer sheets 
form at a low concentration of component phospholipids due to the low water solubility of 
these molecules and have a low permeability to most solutes. By reviewing their molecular 
structure, the cause of these properties can be elucidated. A modern phospholipid (like those 
shown in Figure 10.2) has two hydrophobic tails and a relatively large head group possessing 
both a negatively charged phosphate moiety and generally another positively charged func-
tional group (most typically an amine to form phosphatidylcholine) to be hydrophilic. The 
zwitterionic head group near neutral pH prevents like-charged groups in close proximity from 
destabilizing the membrane. The result of two tails and a large head group is a nearly cylindrical 

Organic acid bilayer
pH = pKa

Hydrophilic headgroup O
O–

Hydrophobic tail

Organic acid

Organic acid micelle
pH > pKa

Lipid micelle
less favorable due to
cylindrical structure

Phospholipid

Hydrophilic headgroup

Hydrophobic tail

Lipid bilayer

Multilamellar and 
oligovesicular vesicles

Unilamelar
vesicle

O
O

O
O

O

N+

O–P

O
O

H

FIGURE 10.2 Self-assembled structures are formed by amphiphiles in aqueous conditions. The 
top portion of the figure shows the structures formed by organic acids that may have existed on 
the early Earth. These structures are sensitive to pH, which changes the molecular packing, and in 
turn the membrane curvature. The modern phospholipids in the bottom portion organize into lay-
ers that stack with less sensitivity, largely due to the second tail group. However, this change makes 
high-curvature structures such as micelles unfavorable. All representations are cross-sectional 
(2-D) representations of 3-D structures that are spherical in nature.
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shape that arranges side by side to form planar structures. The long hydrophobic chains, low 
solubility, and relatively large size of the molecules, as compared to other amphiphiles, lead to 
higher membrane stability that is beneficial to complex, more independent modern cells.

Modern lipid bilayers present a problem for the early Earth environment in that the mem-
brane is too stable and would limit solute entry/egress by diffusion unless pores or channels 
were incorporated. Modern phospholipids were unlikely for the first membranes, because of 
low probability of the chemical reactions that produce them in high yield. So what amphiphilic 
molecules were available? From studies of the early solar system and Earth, such as data from 
the Miller–Urey experiment, Murchison meteorite, and Fischer–Tropsch reactions, many 
amphiphiles are probable but would vary in abundance. Those likely to be abundant include 
short-chain carboxylic acids, but long-chain acids, sulfonic acids, phosphonic acids, alcohols, 
and phospholipids may have also been present (Botta and Bada, 2002; Walde, 2006). It has also 
been demonstrated that the aromatic hydrocarbons, which comprised the bulk of extrater-
restrial organic material, can be oxidized to form additional soluble acids (Huang et al., 2007).

Of all proposed prebiotic amphiphiles, the most attention has been given to the soluble 
organic acids. These molecules are not zwitterions and tend to be smaller and more soluble, 
like those shown in Figure 10.3. The following discusses the effect of these changes on 
membrane formation and function in respect to early life.
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FIGURE 10.3 These are structures of potential early Earth amphiphiles. The names refer to the polar 
functional group on each molecule. These molecules have been found in meteorite samples and in experi-
ments that mimic early Earth conditions. The carbon chains could vary in size, with shorter chains in higher 
abundance. (From Botta, O. and Bada, J., Surv. Geophys., 23, 411, 2002. doi: 10.1023/A:1020139302770; 
Walde, P. Orig. Life Evol. Biosph., 36, 109, 2006. doi: 10.1007/s11084-005-9004-3.)
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10.4.2  Assembly of Amphiphiles into Compartmental 
Structures Is Thermodynamically Favorable

Amphiphilic compartment self-assembly starts with solute dissolution. For a solute to dis-
solve, the entropy gain from mixing must be greater than the interaction free energy of the 
separate solute and solvent. When the molecular properties (typically bond polarity) are 
similar, the change in interaction free energy is small, and molecules are surrounded by 
and remain in solution. This is the case for the head group of the amphiphile. For the tail 
group of the amphiphile, the difference is large, and a separate phase is formed that has 
been described by Guida (2010):
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where
N is the number of phase molecules forming an aggregate
µ is the chemical potential of a molecule within the aggregate
εN is the mean interaction free energy of the molecule with itself
XN is the volume fraction of solute present in the aggregate
kB is the Boltzmann constant
T is the time

From Equation 10.1, the implication is that for any molecule forming an aggregate (not just 
the tail group of an amphiphile),
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where
X1 is the mole fraction of solvent
ε1 refers to the mean interaction free energy of the hydrophobic solute with solvent 

molecules

For molecules to associate (i.e., N > 1), ε1 − εN > 0 at relevant concentrations. Since an amphi-
phile will have a thermodynamically solvated head group, the aggregated tail group will 
take on dimensionality in relation to the volume it occupies in the aggregate. To account 
for the variety of hydrated amphiphile structures,
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where
d is the dimensionality
ε∞ is the interaction free energy of the aggregate bulk
α is a constant to describe the border interaction
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For this equation, d = 1 refers to cylindrical micelles (line), d = 2 refers to bilayers (plane), 
and d = 3 refers to an emulsion droplet or micelle (sphere). Combining Equations 10.2 and 
10.3 yields

 
X N X e NN

N d d=   −( )−( )
1

1α αexp  (10.4)

This equation will effectively predict emergence of amphiphilic structures (formation of 
bilayers or micelles), given a high enough concentration is reached but has difficulties 
describing bilayer curvature. Refinements to include curvature can be made by using a 
more advanced term for bulk interaction than ε∞ that accounts for the strain of curvature. 
The lowest  concentration at which structures form for a given amphiphile is the critical 
micelle concentration (CMC), sometimes referred to as the critical bilayer concentra-
tion (CBC). Greater details are discussed by Guida (2010).

10.4.3  Early Earth Amphiphiles Have Increased Water 
Solubility and Membrane Permeability

The smaller, single-tailed structures of early Earth amphiphiles lead to greater water solu-
bility than modern amphiphiles. Solubility is typically expressed in terms of the CMC, 
above which molecules begin to self-assemble. For modern phospholipids, the CMC is gen-
erally under 1 mM phospholipid and can be as low as 1 nM for longer chain tail groups 
with 16–18 carbons (Avanti, 2013). In comparison, for octanoic acid, the smallest fatty acid 
that will self- assemble into such structures, the CMC is 130 mM (Thomas and Rana, 2007). 
In certain natural waters, amphiphilic molecules can have a concentration of 120 µg/L 
(Fatoki and Vernon, 1989). The greater solubility of fatty acids as compared to phospho-
lipids results in a different form of membrane  hydration. Individual fatty acid molecules 
equilibrate between the membrane and solution, frequently escaping and rejoining the 
same or other membranes from solution (Monnard and Deamer, 2002). As a result, the 
membranes formed by early Earth amphiphiles are more dynamic than modern phos-
pholipid membranes. Fatty acid vesicles and micelles change composition by fatty acid 
molecular exchange and can adjust their shape in response to these changes for optimized 
cumulative membrane curvature.

The vesicular structures that formed from early Earth amphiphiles are composition 
and pH dependent. While each modern lipid represents one large, cylindrical block, early 
Earth amphiphiles tend toward conical structure, depicted in Figure 10.4, depending on 
head group deprotonation. At high pH, most acids would be deprotonated, leading to coni-
cal units and micelles owing to repulsion between adjacent head groups (Monnard and 
Deamer, 2002). As pH decreases, the positive charges balancing the membrane will weaken 
negative head group repulsion to effectively reduce head group size and encourage cylin-
drical structure. Bilayers and vesicles form near the pKa of the carboxylic acid membrane, 
which is higher than the pKa of the acid free in solution. For acidic  amphiphiles, low pH 
leads to mostly protonated head groups and reduced solubility and aggregation. When pH is 
changed, the dynamic nature of these structures is apparent (Budin and Szostak, 2010). 
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The molecules in solution that were deposited in the most curvature-stable structures per-
sist, while those less-favorable structures redissolve more rapidly. Given time,  structures 
with unfavorable curvature are dissolved, and the molecules are assembled in preferred 
structures, minimizing free energy.

Due to the proximity of charges in the membrane, the organic acids are less likely to 
deprotonate when they are in the membrane as compared to free in solution. Therefore, the 
acid dissociation constant is evaluated as an aspect of the cumulative membrane instead 
of the individual substituents. The pKa of pure amphiphilic acid membranes is basic, such 
as 8.5 for oleic acid, but actual early Earth membranes would be likely to possess a variety 
of head groups and chain lengths (Monnard and Deamer, 2003). These would shift the 
transition points for structure conversions. For example, neutral groups such as alcohols 
and esters would increase distances between like charges, reducing curvature induced by 
head group charge repulsion (Mansy, 2009). When adding 10% 1-nonanol to nonanoic 
acid, vesicles could be formed up to pH 11 (Monnard and Deamer, 2002). Complementary 
molecules also lead to a change in solubility. Here, the dilution of membrane charge results 
in less force driving the membrane apart, and therefore a lower CMC. The 1-nonanol and 
 nonanoic acid mixture mentioned earlier changes CMC from over 85 to 20 mM (Guida, 
2010). Therefore, the additional neutral amphiphiles make the membrane more robust by 
reducing the CMC and expanding the vesicular pH range.

pH >> pKa

pH >> pKa
with neutral
amphiphiles

pH = pKa

+ +
––

– ––––
–

––

–––
– –

FIGURE 10.4 The curvature of membranes changes based on the head group charge interactions. 
Since pH determines the ratio of deprotonated to protonated head groups, it has a direct relation to 
membrane curvature. Micelles form at pH higher than the pKa of the acid membrane because no 
positive charge is present to reduce membrane repulsion. When the pH is equal to the pKa of the 
membrane, then bilayers can form, because the lower occupied volume of the head groups leads to 
less curvature. When ~10% of a neutral amphiphile such as an alcohol is added, bilayers can form 
above the pKa of the membrane because this increases separation between the charges.
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10.4.4 Mechanisms of Solute Transport and Loading in Early Vesicles

The probability that a single vesicle would form holding enough reactants for competi-
tive growth and reproduction is low. Selective compartmentalization would be necessary 
to contain active molecules while providing opportunity for the entry of fresh reactants 
and removal of waste. While the modern cell has a membrane that prevents diffusion of 
ionic species and uses complex pores and channels created by membrane proteins for selec-
tive diffusion and transport, compartments created by early Earth amphiphiles meet this 
requirement by forming a membrane that is more permeable than modern amphiphiles. 
Early Earth amphiphiles are favorable in this regard. The weaker associations and solu-
bility lead to higher permeability via membrane defects. For ionic solutes, the change in 
diffusion can reach 100-fold for a decrease in chain length of 18–14 carbon (Guida, 2010). 
These early Earth compartments have been demonstrated to retain macromolecules, while 
remaining permeable to small molecules. Over time, this could lead to the macromolecu-
lar crowding present in modern cells.

The higher instability of the membrane can also be observed via another property of 
bilayer membranes, the flip-flop frequency of the bilayer molecules. By flip-flop frequency, 
we refer to the rate at which an amphiphilic molecule is reoriented between one bilayer 
leaflet and the opposite leaflet. Flip-flop results in different pH equilibration properties for 
modern vesicles and those of early Earth amphiphiles. The loosely associated organic acids 
can transfer a protonated or deprotonated state from exterior to interior when they flip-
flop. An example of this is shown in Figure 10.5. This equilibration occurs in seconds for 
organic acid vesicles and takes hours for phospholipid vesicles (Chen and Szostak, 2004). 

(a)

(b)

FIGURE 10.5 Organic acids are highly mobile relative to phospholipids. In part (a), the aque-
ous solubility leads to greater interstructure transfer. In (b), the smaller molecules have greater 
intrastructure transfer. They can both diffuse laterally through the membrane at a higher rate 
and flip between leaflets with greater frequency. (From Mansy, S.S., Int. J. Mol. Sci., 10, 835, 2009. 
With permission.)
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While compartments formed from smaller amphiphiles would be ion permeable, imper-
meable ones could also play a role. Ion-impermeable membranes would still provide selec-
tivity through their interaction with charged species. First, membranes would better shield 
the contents from unfavorable outside conditions via the same properties that let them 
retain specific interior conditions.

Selective charge permeability can also cause concentration of molecules to create unique 
environments within greater surroundings. For example, a high- or low-pH vesicle in neu-
tral media may have neutral species pass through the membrane. However, once inside the 
vesicle, deprotonation or protonation occurs due to a locally different pH. This both forms 
membrane-impermeable charged species and drives continued uptake of the uncharged 
species by Le Chatelier’s principle. The result is concentration of charged  species inside the 
vesicle by depletion of the surrounding solution (Walde, 2006). This property is beneficial 
for early life in creating diverse reaction conditions in close proximity and allowing reac-
tions to occur that would not occur in the external medium.

Charged solutes including nucleic acid derivatives such as imidazole-activated nucle-
otides and adenosine diphosphate have been shown to permeate at a low rate through 
organic acid membranes. Increased permeability of these specific solutes is important 
because if they make it to the interior, then larger nucleic acids inside the vesicle are now 
able to undergo further growth by polymerization (Murtas et al., 2007).

The initial encapsulation is also important in considering vesicular contents. In one 
example, a fluorescent reporter protein produced only when all parts of the transcription 
and translation biochemical machinery were present together, which requires ~80 macro-
molecules, was used to report if the entire pathway was encapsulated (Pereira de Souza et 
al., 2011). While the probability of all parts being present to function in one vesicle is small 
enough to be unexpected, the presence of the protein could be observed reliably (though 
infrequently) in samples (Murtas et al., 2007). One explanation for this result is that the 
molecules in the pathway associate with each other in solution prior to encapsulation. This 
would reduce the number of effective parts and greatly increase the probability of full 
encapsulation of the pathway. Binding of molecules with each other or with the amphiphi-
lic molecules of the membrane prior to vesicle formation provides scenarios for increased 
encapsulation efficiency that could also be possible on the early Earth.

10.4.5 The Bilayer Itself Is Also a Compartment

Besides creating internal aqueous compartments, the oily interior of bilayers and micelles 
is a compartment of its own. The membrane’s oily interior partitions other hydrophobic 
and amphiphilic molecules from solution. This compartmentalization has a similar effect to 
that of the aqueous compartment. Besides the host of modern membrane-mediated reac-
tions with proteins, reactions such as amino acid polymerization have been demonstrated 
(Walde, 2006). In this case, the membrane structure hosts molecules that interact with the 
aqueous surroundings. It is also possible for the oily interior to be a reaction  vessel in itself.

Micelles and membranes can increase reactant concentration and keep reacting with 
molecules in close proximity. In this way, micelles have exhibited enzyme-like behavior by 
compartmentalization. The compartment is enzyme-like in that it is a molecular assembly 
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with an active volume to promote chemical reaction and is not consumed by the  reaction. 
These structures are referred to as lipozymes. An example of this includes the enantioselec-
tive reaction where the ketone acid hydrolysis of a substrate is inhibited by sodium dodecyl 
sulfate micelles, while nitrosation of the enol is accelerated (Walde, 2006). Since a key 
aspect of compartmentalization is the increase in local concentration, these findings are 
significant in that a vesicle can both confine oil-soluble compounds to increase reaction 
rate and at the same time confine water-soluble compounds in its interior.

RNA self-cleavage has also been observed to be catalyzed by micelles in the case of ham-
merhead ribozymes (Riepe et al., 1999). In this case, the need for metal ions was replaced by 
NH4

+ in combination with neutral or zwitterionic micelles. Modern surfactants were used, 
such as Triton X-100, but the proof-of-principle remains. The effect of the surfactants in solu-
tion was independent of head group or molecule size, but a direct relation between CMC and 
self-cleavage was observed when monitoring the reaction by gel electrophoresis. While the 
specific interaction of the RNA with the micelle (surface vs. interior) was not determined, 
micellar catalysis of the self-cleavage reaction was observed. In the upcoming section, mem-
brane-creating lipozymes are used to form autocatalytic self-replicating structures.

Peptides can also play a role in the formation of, reactions within, and transport through 
bilayer compartments. Amphiphilic peptides can be made by using different R groups (side 
chains branching from the amino acid core groups) to create hydrophobic and hydrophilic 
portions (Zhang, 2012). The amino acids used to create these amphiphilic peptides need be 
no more complex than glycine, alanine, and aspartic acid, which were all likely to be pres-
ent on the early Earth. As an example, the hydrogen and methyl side groups glycine (G) 
and alanine (A), respectively, contribute to a tail because less charge and hydrogen bonding 
is available. An acid side group (aspartic acid, D) gives charge and has been demonstrated 
as a head group. These peptides could assemble into nanotubes and nanovesicles and mix 
with other amphiphiles in bilayers. Depending on the number of amino acids in each 
portion, the peptide can change in scale to resemble other amphiphiles, for example, the 
 structure GGGGDD is 2.4 nm long and resembles a phospholipid in its molecular shape 
and packing preferences.

Along with adding to the composition of the membrane, peptides can also play an 
active role, as in the example of polycondensation mentioned earlier. Peptides can interact 
with molecules in solution with reactive groups. They also can act enzymatically with 
active sites, as covered extensively in investigations into modern membrane proteins, and 
they can form a bilayer with function as a whole, as shown in Figure  10.6. For exam-
ple, bilayers of only the peptide KLVFFAE have been demonstrated to bind the fluores-
cent dye Congo red, as evidenced by Förster resonance energy  transfer from covalently 
attached Rhodamine 110 (Childers et al., 2009; Pohorille et al., 2003). Bilayer binding sites 
are important for early life compartmentalization because they are another way for mol-
ecules to be concentrated from dilute solution. The other compartmental role that peptides 
can play is in the transfer of solutes through the bilayer via the existence of beta-barrels 
(Childers et al., 2009). Beta-barrels are peptide sheets that form through a multitude of 
peptide bonds and that have curled around to form a cylinder. Beta-barrels have been 
observed to incorporate in the bilayer and form a pore that spans the depth of the layer. 
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Therefore, early development of peptides in membranes becomes a solution to the predica-
ment of transport in and out of the vesicular compartment.

10.4.6 Amphiphilic Compartments Can Grow and Divide

As mentioned in the previous section, early Earth amphiphiles equilibrate between posi-
tions in the membrane and free in solution. This equilibrium permits growth of more 
stable membranes by depletion of less stable surrounding structures. Destabilization can 
occur due to changes in curvature from pH change or insertion of other amphiphilic 
molecules. A striking example is the addition of modern lipids to fatty acid membranes. 
When phospholipids were added at 10% of the overall membrane composition, the vesicles 
became much more stable and better retain the organic acids. As a result, the membrane 
grows rapidly in the presence of other organic acid structures that lack modern lipids. 
The rapid growth leads to an excess membrane relative to volume and the vesicle loses 
spherical  morphology. The long, tubular structures present a smaller barrier to membrane 
closure and division can occur (Budin and Szostak, 2010).
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FIGURE 10.6 Amino acid polycondensation can be assisted by functional molecules in vesicular mem-
branes. (From Walde, P., Orig. Life Evol. Biosph., 36(2), 109, 2006. With permission.) On the left, amino 
acids both membrane bound (top) and electrostatically associated ( bottom) were used and were initi-
ated by activated (N-carboxyanhydride) amino acids. On the right, the hydrophobic condensing agent 
2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) was used to condense two different mem-
brane-bound amino acids. (From Walde, P., Orig. Life Evol. Biosph., 36(2), 109, 2006. With permission.)
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This phenomenon is relevant to early life in a possible route to individual, competing 
cell-like compartments (Chen et al., 2005). Structures that could stabilize amphiphiles, 
that is, lead to greater residence times for individual amphiphilic molecules in the mem-
brane, would be able to grow at the expense of less stable membranes or other amphiphile 
assemblies in the surrounding environment, as seen in Figure 10.7. They would grow until 
division and produce more lipids to continue the process.

Other methods of creating excess membrane have been demonstrated to cause budding 
and division in modern lipids. Osmotic shock by adding external solutes to draw water 
volume out of vesicles is one example. The reduced volume from lost water leads to excess 
membrane, budding, and eventual division (Giant Vesicles, 1999). These examples dem-
onstrate that excess membrane and division are a general property of amphiphilic vesicles 
that can occur from physical processes. Membrane can also be created through reaction to 
form amphiphiles. In the case of acyl-CoA and lysophosphatidylcholine, both are single-
chain amphiphiles that form micelles when dissolved. The  micelles react via acyltrans-
ferase (a membrane protein) to form double-chained  phosphatidylcholine lipids (Walde, 
2006). The result is depletion of micelles and the growth of bilayer vesicles. This autocataly-
sis of membrane can lead to growth and reproduction via vesicle division. Autocatalytic 
reproduction is analogous to the self-generated reproduction of life and is a precursor to 
natural selection and evolution.

(a)

Add micelles Growth
Agitate

Division

(b) (c) (d) (e) (f )

10 μm

Repeated
cycles

FIGURE 10.7 Micelle-induced growth and agitation-induced division of fatty acid vesicles. 
(a) Schematic of growth by assimilation micellar amphiphiles to create vesicles with excess surface 
area, followed by agitation and division. (b–e) Microscope images of an initial ~4 µm fatty acid 
vesicle and subsequent growth as micelles are assimilated over ~30 min. (f) After agitation, the 
excess membrane present after growth is now distributed between several vesicles. The vesicles are 
visible due to encapsulated dye, which remains trapped throughout the process. (Adapted from 
Zhu, T.F. and Szostak, J.W., J. Am. Chem. Soc., 131(15), 5705, 2009. With permission.)
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10.4.7 Practical Concerns and Ongoing Investigation of Amphiphilic Compartments

The primary concerns with the suggestion of amphiphilic compartments in the development of 
early life stem from the availability of amphiphiles and transport through the membrane. While 
many potential sources of amphiphiles exist, few of them suggest an abundance of amphiphi-
lic molecules without restricting the presence to a localized environment. Similarly, the high 
levels of metallic ions present in the early ocean present a further problem. Many multiva-
lent cations cause amphiphiles to aggregate. This is also a problem for modern lipids, which is 
 countered by binding the ions with other molecules to keep the multivalent ion concentration 
low. Decomposition is another threat to early Earth amphiphiles, which can undergo hydroly-
sis, photochemical reaction, and pyrolysis (Deamer, 1997). To address these problems, investi-
gations into further sources of amphiphiles and studies that focus on simple, stable amphiphiles 
are preferred (such as acids and peptides). Better exploration of early Earth environments may 
also help to address this issue, as the degradation mechanisms present in one environment 
may be absent in another. Extended research into the details of the early Earth has already 
yielded potential  solutions for the other issue of membrane permeability. As discussed earlier, 
by employing amphiphiles more appropriate to the early Earth, permeability was found to be 
greater than with initial studies that focused on modern phospholipids. The discovery of amino 
acids, understanding their role as amphiphilic peptides, and possibility of pore formation also 
greatly increases the chance for transport as well as providing another amphiphile source. 
Therefore, while initially daunting, the continued study of amphiphiles as early compartments 
continues to make progress as a probable early contributor in the origin of life.

Experimental models for protocells are an active area of current research. Scientists 
have coupled the growth and division of fatty acid vesicles with uptake and polymer-
ization of nucleotides (Hanczyc et al., 2003), such that the daughter vesicles that result 
from division events inherit nucleic acids. An example of this is featured in Figure 10.8. 

FIGURE 10.8 Growth of the protocell membrane results from the incorporation of environmen-
tally supplied amphiphiles, whereas division may be driven by intrinsic or extrinsic physical forces. 
Externally supplied activated nucleotides permeate across the protocell membrane and act as sub-
strates for the nonenzymatic copying of internal templates. Complete template replication followed 
by random segregation of the replicated genetic material leads to the formation of daughter proto-
cells. (From Mansy, S.S. et al., Nature, 454(7200), 122, 2008. With permission.)
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Models based on modern lipids and purified biochemicals such as enzymes, DNA, and 
RNA have also been explored (Kurihara et al., 2011; Luisi and Stano, 2011). Transcription 
and translation processes can be performed inside lipid vesicles and can be coupled to 
vesicle growth and division.

Increasingly complex and lifelike assemblies are being produced, which not only help 
us to understand how the first cells may have formed but also point to physical and chemi-
cal mechanisms still at play in modern cells. The self-assembly behavior of fatty acids, 
lipids, and other related molecules is crucially important in all current living organisms. 
The membranes of today’s cells must have been preceded by simpler versions that could 
potentially have appeared early in prebiotic evolution and may have played important roles 
in the development of living from nonliving matter.

10.5  MACROMOLECULAR SOLUTIONS CAN UNDERGO PHASE 
SEPARATION TO GENERATE SIMPLE COMPARTMENTS

A second class of organic compartment can be expected to have appeared once poly-
mers become prevalent on the early Earth: macromolecule-rich aqueous phase droplets. 
Solutions of macromolecules can undergo several types of phase separation, leading to 
coexisting aqueous volumes of differing composition that could serve as compartments. 
Driving forces for demixing can be enthalpic and/or entropic and can involve solvent mol-
ecules and counterions in addition to the polymers themselves. This can be expressed in 
terms of a standard thermodynamic equation relating the change in a system’s free energy 
(ΔG) to changes in enthalpy (ΔH) and entropy (ΔS); T indicates temperature (Ronca and 
Russell, 1985):

 ∆ ∆ ∆G H T Sseparation separation separation= −  (10.5)

Phase separation will occur spontaneously when the Gibbs free energy of the process is 
favorable (i.e., when ΔG is negative). This is favored by negative changes in enthalpy, which 
could arise, for example, when repulsive chemical interactions present between solutes can 
be relieved by a phase transition that results in their separation into different phases. Often, 
however, entropy drives phase separation (Ronca and Russell, 1985). For example, when 
oppositely charged polyelectrolytes combine to form a polymer-rich phase, the favorable 
change in free energy that allows phase separation to occur results from a large entropic 
gain associated with release of counterions.

Liquid–liquid demixing leads to regions of differing composition between which sol-
utes can partition based on their chemical activity in the phases. In fact, aqueous two-
phase systems (ATPSs) formed from polymers such as poly(ethylene glycol) (PEG) and 
dextran (a polyglucose) are commonly used as an analytical separation technique. Many 
solutes will accumulate in one phase of a multiphase system. Solute partitioning depends 
on many factors such as the chemical structure, hydrophobicity, size, and shape of the 
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solute and the polymer content, ionic strength, and pH of the liquid phases. The equilib-
rium  distribution of a solute molecule of interest in a two-phase system is described by 
the partitioning coefficient, K:

 
K

C

C
= phaseA

phaseB

 (10.6)

where CphaseA and CphaseB indicate the concentration of solute in each phase. By convention, 
the less dense phase that appears on top in bulk samples is used in the numerator. Solute size 
is an important determinant of the difference in its chemical activity between the phases, 
and hence the degree of partitioning between them. This is because as the size of a molecule 
increases, it has a greater area of contact with the phase. We can therefore  anticipate that 
larger organic molecules would have accumulated preferentially into  polymer-rich aqueous 
phase droplets, becoming locally concentrated (Rito-Palomares, 2004).

Figure 10.9 shows the strong length dependence for partitioning of RNA molecules 
between two aqueous phases formed in a solution of polyethylene glycol and dextran.

Several general classes of aqueous phase separation can occur, depending on the type 
of polymers present and solution characteristics such as ionic strength. Examples of those 
classes are found in Figure 10.10.
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FIGURE 10.9 Partitioning of RNA strands in ATPS as a function of length (in nucleotides). This 
figure exhibits that longer polymers partition more favorably than polymers of smaller chain 
lengths. (Adapted from Strulson, C.A. et al., Nat. Chem., 4(11), 941, 2012. With permission.)



Encapsulation of Organic Materials in Protocells   ◾   237  

When polyelectrolytes are present, coacervation can occur to produce a small polymer-
rich phase—termed the coacervate phase—and a much larger dilute phase. Mixtures of 
uncharged polymers can also form multiple phases, generally each phase is enriched in a 
different polymer, and the phases may or may not be similar in size. Macromolecule con-
centrations required to achieve phase separation are dependent in part on the molecular 
weight (MW) of the polymers; higher MW polymers more readily phase separate. Phase 
separation is common in mixtures of aqueous macromolecules and does not require spe-
cific macromolecular structure or functional groups (although polymer chemistry impacts 
the properties of the resulting phases). The generality of this phenomenon suggests the 
possibility that phase separation may have acted as a vehicle for development of prebiotic 
and protocellular evolution. Indeed, more than 50 years ago, Oparin hypothesized that 
coacervate droplets were the basis of the origin of life (Oparin, 1957). Since then, scientists 
have learned a great deal about roles for nucleic acids and lipids in modern life and their 
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FIGURE 10.10 Types of aqueous phase separation. (a) Two nonionic polymers will phase separate if 
present above a certain weight percent. (b) Two polyelectrolytes bearing opposite charges will phase 
separate into complex coacervates. Addition of more salt will cause the coacervates to dissociate, 
forming a bottom and top later, enriched in each of the polymers. (c) One polyelectrolyte will form 
simple coacervates in the presence of a small counter ion or other molecule that lowers the overall sol-
ubility of the polymer. Both the middle and bottom panel show the coacervate phase after centrifuga-
tion. The coacervates are drawn to the bottom of the tube due to their increased density and weight.
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likely roles in the predecessors of modern cells, and the coacervate theory of life has fallen 
out of favor (Lazcano, 2010). Nonetheless, the physical chemistry of macromolecules indi-
cates that these phase droplets were likely present on the early Earth prior to the earliest 
cellular life and may have facilitated its development. Moreover, recent findings indicate 
that today’s cells contain aqueous phase microcompartments within their cytoplasm and 
nucleoplasm (Brangwynne, 2011).

Like the surfactant amphiphiles discussed in the previous section, aqueous phase 
separation in polymer-containing solutions can be evaluated in the laboratory as model 
systems relevant to early compartments. By changing the amount of polymer and their 
corresponding mass ratios, compartments of very small volume can be synthesized, mim-
icking early compartments. The following subsections introduce several major classes of 
aqueous phase separation and discuss the potential of these systems for understanding 
early and modern cellular life.

10.5.1 Oppositely Charged Polymers Phase Separate into Complex Coacervates

Two polyelectrolytes bearing opposite charges in solution will exhibit a tendency to asso-
ciate in solution and can phase separate into liquid droplets known as complex coacer-
vates. Complex coacervates present a feasible method to form highly concentrated phases 
of macromolecules in the presence of a very dilute equilibrium (continuous) liquid. 
Given that early macromolecules may have been charged, this perhaps presents the best 
simulator of evolutionary conditions due to the relatively small amount of organic mate-
rial required. Because the formation mechanism is based on electrostatics rather than 
any specific chemical functionality of the polyelectrolyte, coacervates can form from a 
wide range of polymeric molecules and are not limited to two species. When interact-
ing with one another, these polyelectrolytes can be considered as new colloidal entities 
and are virtually uncharged and distinct from the equilibrium liquid. Increasing ionic 
strength diminishes the interaction. Moreover, this type of phase separation can occur 
at a wide range of temperatures, which could have been beneficial in different primordial 
ocean conditions, such as near hydrothermal vents (de Souza-Barros and Vieyra, 2007).

A common theory to describe complex coacervation behavior is the Voorn–Overbeek 
model, which characterizes the thermodynamics and entropy associated with mixing and the 
electrostatic interactions between charged polymers (Veis, 2011). The model treats the poly-
ions as essentially random chains in both the dilute and concentrated ( coacervate) phases, 
with the chain elements distributed randomly in the model lattice within both phases. One 
can imagine small ions being released into solution and having more degrees of freedom 
when the two oppositely charged polyelectrolytes become associated in a very dense, con-
centrated phase. Release of the counterions increases the overall entropy of the system.

Several factors, including pH and salt concentration, contribute to the characteristics of 
a complex coacervate aqueous phase and should be considered when considering a system 
as a mimic for prebiotic compartmentalization (de Kruif et al., 2004). Aggregation of the 
oppositely charged polyelectrolytes is also possible in these types of solutions. Aggregates 
precipitate as solids and form when attractive interactions between the polyelectrolytes are 
very strong, for example, in solutions with very low ionic strength. These structures have 
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low water content and cannot act as compartments for molecules to diffuse in and out and 
as such are less interesting as prebiotic reactors.

Figure 10.11 shows optical microscope images of aggregates and coacervates. The coac-
ervates are spherical, liquid droplets with high polymer concentration that can serve as 
compartments into which solutes can diffuse. A precipitate will more likely form than 
a liquid coacervate phase if one of the polyions is a strong polyelectrolyte, for example, 
polymers with sulfate or quaternary amine charged groups. Strong polyelectrolytes are 
always charged in solution, in contrast to weak polyelectrolyte, such as polymers with 
carboxylic acid or primary amines, which will carry partial charges that depend on pH. 
Coacervate formation is maximal where the ratio of polyelectrolytes in the mixture pro-
duces complexes of neutral charge. Even when one polyelectrolyte is present in excess, the 
complexes formed are only moderately charged. Complexes between weakly associating 
polyelectrolytes can be dissociated by low concentrations of salt (~10 mM), while other 
pairs of polyelectrolytes are stable beyond 1 M salt. The concentration of salt in solution 
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FIGURE 10.11 Examples of regions along the phase diagram where precipitates and coacervates 
form. (a) Schematic of complex coacervate process. (b) Examples of coacervates made from an 
aqueous solution of poly(l-lysine hydrochloride) (PLys) and poly(l-glutamic acid sodium salt) 
(PGlu). (c) Example of an aggregate of PLys and PGA for comparison. (From Chollakup, R. et al., 
Macromolecules, 46(6), 2376, 2013. With permission; Priftis, D. et al., Langmuir, 28(23), 8721, 2012. 
With permission.)



240   ◾   Astrobiology

is approximately equal in both the equilibrium and coacervate phases. Temperature has 
almost no effect on the phase boundary where coacervates form. Many scientists have 
studied the phase separation of biologically relevant proteins and polysaccharides to better 
understand the dynamics involved.

Figure 10.12 displays the phase diagram for two oppositely charged polyelectrolytes in 
400 mM NaCl. Complex coacervates can form at very low weight percents of polymer in the 
overall solution. For example, in solutions of poly(acrylic acid) (PAA) and poly(allylamine) 
(PAH), phase separation can occur at total polymer concentrations of 0.05% wt.

10.5.2  Neutral or Charged Polymers Will Phase Separate into Simple Coacervates 
in the Presence of Salt or Other Species That Decrease Their Solubility

Coacervation can also happen in the presence of only one type of polymer. Here, a poly-
electrolyte or neutral polymer associates strongly with a counterion or another solute that 
decreases the overall solubility of the macromolecule. For example, a polycarboxylate could 
form such a coacervate when mixed with a metal cation that was chelated by the carboxylic 
acid groups or a neutral polymer could form one in the presence of an alcohol (Menger 
and Sykes, 1998). Under certain conditions, the concentrated phase is a gel-like substance, 
such as in the case of a gelatin system (Mohanty and Bohidar, 2005). Coacervates can be 
redissolved by reducing the interactions between their major components. For example, by 
increasing ionic strength, the charge screening length is decreased and attraction between 
a polyelectrolyte and counterion can be diminished. Phase separation occurring from the 
interaction between one charged polyelectrolyte and high concentrations of salt or solute is 
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FIGURE 10.12 Ternary phase diagrams of PAA and PAH. Total polyelectrolyte concentration was 
held constant at 0.05% wt. Figure shows phase behavior in an aqueous solution containing 400 mM 
NaCl. (Adapted from Chollakup, R. et al., Macromolecules, 46(6), 2376, 2013. With permission.)
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referred to as a simple coacervate. Simple coacervates can be made from a variety of poly-
electrolytes, such as a protein, polysaccharide, or other types of charged polymers, and can 
be formed at polymer weights along the order of 0.001% (de Kruif et al., 2004; Shimokawa 
et al., 2013). Decreasing the solubility can be achieved in different manners, including 
 adding an alcohol, such as methanol or ethanol, or a small ion, such as a monovalent or 
divalent salt (de Kruif et al., 2004). The higher the MW of the polyelectrolyte, the lower the 
concentration required to achieve phase separation. Moreover, the types of salts used influ-
ence whether two phases form or not. Salts of polyvinyl sulfonic acids are able to form two 
phases in the presence of NaCl, KCl, and RbCl, but not LiCl, CsCl, and NH4Cl (Eisenberg, 
1977). A similar system includes dextran sulfate, which forms two phases upon addition of 
KCl and CsCl, but not with LiCl, NaCl, or NH4Cl. In terms of early Earth conditions, the 
abundance of sodium (about two times as much as present day at 20 g/L) could have likely 
provided the ionic strength required to induce phase separation in the prebiotic oceanic 
conditions (Knauth, 2005).

Electrostatics, as mentioned in the previous section, plays a critical role in the formation 
of a coacervate phase. To help overcome electrostatic barriers, small counter ions such as 
Na+ and Cl− are used to screen the overall charge of the polymer, allowing it to separate into 
a microdroplet. Too much salt will decrease the Debye length, the external electric field 
length from a charged species. Decreasing the Debye length can cause the macromolecule 
to remain dissolved in solution or precipitate out. Precipitation occurs when the macro-
molecule has an increased affinity for itself, leading to aggregation into solid particles. The 
concentration of salt required for phase separation changes with charge valency, MW, and 
overall charge on the polymer. Thus, an anionic polymer with a charge on every monomer 
unit would require more ionic strength than a polymer with a charge dispersed along dif-
ferent monomers throughout the polymer chain.

Simple coacervates could have appeared alongside or before complex coacervates, 
depending on the prevalence of polyelectrolytes and other ions and molecules on the early 
Earth. Consolidation of polymers, such as proteins, polysaccharides, and nucleic acids into 
small volumes, could have been accomplished by either type of coacervate compartment.

10.5.3  Incompatibility of Two Nonionic Polymers Leads 
to Separation into Two Aqueous Phases

The absence of polyelectrolytes does not necessarily prevent aqueous phase separation from 
occurring. For systems consisting of two nonionic polymers in a common solvent, incom-
patibility between the polymers will lead to the separation into two phases. Above a certain 
concentration, most aqueous solutions of two or more structurally distinct, uncharged poly-
mers will give rise to a multiphase solution. Water remains the primary component in all of 
the phases, but each polymer is enriched in one of the phases, causing a solution with two 
distinct layers (Dobry and Boyer-Kawenoki, 1947). One of the most widely used and well-
studied examples is the PEG and dextran system, which has a top phase enriched in PEG and 
a bottom phase enriched in dextran. This system has been widely used due to the fact that 
both polymers are relatively inexpensive, require moderate concentrations, separate rapidly, 
are compatible with biomolecules for separations, and can be buffered to different pH values.
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ATPSs, such as the one composed of PEG and dextran, can be made at multiple com-
binations of polymer concentrations. Phase diagrams are often used to characterize the 
separation of two polymers as a function of concentration.

Figure 10.13 exhibits a generic phase diagram for two immiscible polymers. At low 
concentrations of polymer, the solution exists as one phase and exhibits complete mis-
cibility, with phase separation only occurring at higher concentrations. Specifically for 
a PEG 6 kDa/dextran 30 kDa system, the two polymers would exist as one phase if both 
were present at 5% w/v in water. However, if the concentration of both polymers were 
then doubled to 10% w/v, phase separation would occur. Separating these phase regions 
is the coexistence curve, or binodal. Closer to this region, the system is more sensitive to 
alterations. An example of a composition near the binodal for the PEG 6 kDa/dextran 
30 kDa system is at 5% w/v PEG and 9% w/v dextran. Concentrations close to this point 
will be sensitive to temperature or other changes in environment. Tie lines, as shown in 
the figure, can be made by determining the composition of both polymers in each phase; 
tie lines become shorter with reduced polymer concentrations due to greater similarity 
between the phases. Determining the volumes of each phase with such tie lines can be a 
useful tool for partitioning studies, where activity of a chemical reaction may be enhanced 
by decreasing the volume of the phase enriched with an enzyme or analyte. Experiments 
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FIGURE 10.13 Typical phase diagram for two neutral polymers. Above a certain weight percent 
of each polymer, phase separation occurs. Tie lines can be drawn between points along the coexis-
tence curve. Tie lines give valuable information about the volumes and composition of the phases 
present. (From Keating, C.D., Acc. Chem. Res., 45, 2114, 2012. doi: 10.1021/ar200294y.)
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can be tailored so that volume can be excluded just by tuning the mass ratios between the 
two immiscible polymers.

Typically phase separation can occur with moderate overall amounts of polymer, 
approximately less than 10% wt/wt, but is influenced by the MWs of the polymeric com-
ponents. The higher the MW of the polymers, the lower the concentration required for 
phase separation. A specific example of this includes methylcellulose, which has the abil-
ity to make two phases at low concentrations of total polymer (approximately 0.01% wt). 
Moreover, it is important to note the differences in the MWs between the two polymers. 
Increased differences between the MWs of the two polymers give rise to phase diagrams 
that are more asymmetrical in shape, such as seen in Figure 10.14 (Asenjo and Andrews, 
2011). By changing the MW of just one of the polymers, it is possible to greatly alter the 
concentration required to achieve phase separation.

Figures 10.14 and 10.15 show the concentration of different dextran polymers required 
to achieve phase separation using a 7.5% w/v PEG 6 kDa concentration (Albertsson, 1971).

Phase separation is not limited to 2 polymers; even 10 different polymers can be used 
to make a 10-phase system (Albertsson, 1971). Even though two-phase systems have been 
discussed in this section, the same properties still apply for aqueous multiphase systems 
and they can be made using the same techniques. A range of polymers, when present in 
solution at required concentrations, will phase separate based on their density, MWs, and 
polydispersity as shown in Table 10.1. Substitution along the polymer backbone, like the 
addition of sulfate groups, can be sufficient to induce separation. Phase separation of aque-
ous polymers suggests a straightforward experimental design that can be a representative 
sample of the compartmentalization of biomolecules that may have occurred during the 
origin of life through the ages toward more modern cells. It is plausible to consider that 
some form of coacervation would have appeared on the early Earth prior to the type of 
phase separation that occurs between uncharged polymers as described in this section, 
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just due to the generally higher concentrations needed for phase separation in nonionic 
polymer solutions. Nonetheless, as the amount of organic matter available increased over 
time, this type of phase separation would have coexisted with coacervation and provided 
additional types of compartments with varying chemical and physical properties.

10.5.4 Reactions Can Be Facilitated by Compartmentalization in Phase Droplets

Compartmentalization of molecules presents an attractive way to facilitate reactions. There 
have been several examples where reactions of biomolecules, including proteins and RNA, 
have demonstrated rate increases due to crowding and colocalization of otherwise dilute 
materials. Albertsson was one of the first to demonstrate the fundamentals of protein par-
titioning in aqueous phase systems. To target and collect certain subcellular proteins over 
others into one phase, he conjugated a biospecific ligand onto one of the polymers, increas-
ing the partitioning of one specific protein into one of the phases. Instead of being dif-
fuse throughout the entire solution, the protein was concentrated primarily into one small 
phase volume of the liquid (Albertsson, 1971). Colocalizing the protein therefore increased 
the chances of enzymatic reaction with the ligand of interest. Even in the absence of spe-
cific binding interactions with the polymers, large differences in solute concentration can 
be maintained by partitioning in an ATPS and can lead to improved reaction kinetics. 
Unfortunately, although a great deal of research has been performed to understand and 
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TABLE 10.1 Examples of Representative Molecules Able to Participate in Aqueous Phase Separation 
and Their Corresponding Structures

Name Structure Description 

Poly(allylamine) NH2

n

Polycation
pKa 9.7

Poly(diallyl 
dimethylamine) chloride

CH3

n

Cl–

+
N

H3C

Polycation
pKa ≈ 6.4

Poly(acrylic acid) O O–

n

Polyanion
pKa 4.2

Poly(styrenesulfonate)

O

n

O

O S–

Polyanion
pKa ≈ 1

Poly(2-acrylamido-2-
methylpropanesulfonate)

O–

O

O

O

CH3

CH3

H

N

n

S

Polyanion
pKa ≈ 0.36

(continued)
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TABLE 10.1 (continued) Examples of Representative Molecules Able to Participate in Aqueous Phase 
Separation and Their Corresponding Structures

Name Structure Description 

Adenosine triphosphate

O

O

O

O
O

H

H

N N

N
N

NH2

H
OH OH

H

O

O

O– O– O–

P P P–O

Polyanion
pKa ≈ 4, 6.5

Poly(ethylene glycol) O

OH
n

H

Neutral

Dextran

O

O
n

O

OH

HO

HO

Neutral

Poly(propylene glycol) O

n
CH3

Neutral

Ficoll OH

O
O

O

O

OH OH

OH

HO

HO

n

Neutral

Citrate OOHO

–O

O O–

O–

Anionic
pKa 6.4
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control solute partitioning in ATPS, much less is known about the effect of partitioning in 
ATPS on reaction rates and outcomes. A few examples will be described here.

The rate of reactions using catalytic RNA, also known as ribozymes, has been shown 
to increase significantly upon localization into one phase of an ATPS. RNA partitioned 
into the dextran-rich phase of a PEG/dextran ATPS, achieving an approximately 3000-fold 
concentration excess in these phase compartments as compared to the external PEG-rich 
phase. By varying the volume ratios between the two phases, the local RNA concentra-
tion within the droplets was increased and consequently the reaction rate was enhanced. 
Figure 10.16 shows that as the volume ratio between PEG and dextran increases, the overall 
activity of the RNA is enhanced upward of 50-fold.

Reactions using protein enzymes have also been performed in aqueous phase systems 
and have been shown to provide control over the location and rate of the reaction. For 
example, the protein urease accumulates in the dextran-rich phase of a PEG/dextran 
ATPS, where it catalyzes urea hydrolysis and has been coupled to local formation of CaCO3 
mineral restricted to just this phase.

Coacervate phase compartments have been less thoroughly investigated with respect 
to partitioning than neutral polymer ATPS, because the latter are more amenable to 
bioseparations. Nonetheless, some work has been done to explore partitioning in these 
systems. Researchers have demonstrated complexation of nucleic acid precursors, such as 
adenosine triphosphate (ATP), with a polycation to form robust droplets, that can be used 
to sequester a variety of chemical species (Koga et al., 2011). Among those, sequestered 
species include proteins, nucleic acids, nanoparticles, and small dye molecules (Williams 
et al., 2012).

Figure 10.17 displays the coacervate’s ability to sequester fluorescent dyes and other small 
molecules using ATP and oligolysines. Additionally, enhanced yields have been observed 
for reactions catalyzed by protein enzymes when performed in coacervate droplets under 
either low or high ionic strength (Crosby et al., 2012). Droplets in this case were also com-
posed of ATP nucleotides as well as a polymeric quaternary amine. Although this work was 

TABLE 10.1 (continued) Examples of Representative Molecules Able to Participate in Aqueous Phase 
Separation and Their Corresponding Structures

Name Structure Description 

Phosphate

O–

P

O–

O

–O

Anionic
pKa 2.1

Sulfate

O

O

S

O–

O–

Anionic
pKa 1.99
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done with complex, modern-day protein enzymes, the same  principles can be expected to 
apply for simpler functional molecules, and compartmentalization in coacervate droplets 
presents a plausible mechanism for reaction enhancement in the prebiotic milieu.

10.6 CONCLUDING THOUGHTS
The early Earth likely had a large number of different types of microenvironments in 
which particular chemistries may have been aided by special chemical and/or physi-
cal conditions. Once sufficient quantities of organic materials had been formed, new 
types of organic compartments became possible, based on interactions between mol-
ecules. Much of the form and function of both vesicle assemblies and aqueous phase 
droplets can be understood from the chemical structures of their component molecules. 
Comparing modern lipids and early Earth amphiphiles illustrates how different chemi-
cal properties control membrane stability and function. The simple amphiphiles such 
as fatty acids, which may have been present on early Earth, could in fact have been 
better suited for the development of early life than the phospholipid molecules used in 
modern membranes. Moreover, given the prevalence of phase separation in aqueous 
macromolecule solutions, it is reasonable to anticipate that the various polyelectrolytes 
and uncharged polymers formed by abiotic chemistry on the early Earth would have led 
to polymer-rich phase droplets of one form or another. The very low concentrations of 
total polymer needed to form coacervates suggest that these polyelectrolyte-rich com-
partments may have been the most likely.
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FIGURE 10.16 Phase volume ratios (VD:VP) are 1:0 (filled black circles), 1:5 (blue squares), 1:12.5 
(red diamonds), 1:50 (blue triangles), and 1:100 (inverted green triangles) in 10 mM Mg2+ exper-
iments that included 2 pmol of the E strand. These data show that RNA catalysis is enhanced 
by decreasing the compartment size. (From Strulson, C.A. et al., Nat. Chem., 4(11), 941, 2012. 
With permission.)
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Structures formed by self-assembly of amphiphiles or phase separation could supply 
favorable microenvironments needed for diverse chemical reactions and subsequent chem-
ical evolution to occur. Such compartments can accumulate reactants within their aqueous 
interiors, control pH by limiting transfer of charged species, and confine molecules by size 
and/or chemistry (e.g., charge, hydrophobicity). Additionally, crowding in two dimensions 
on the surface of a membrane or in three dimensions within a polymer-rich phase can 
influence the chemical activity of molecules in these regions, potentially inducing folding, 
association, or other types of volume-reducing transformations. These self-assembled com-
partments meet many of the demands required for the complex and diverse reactions of life 
to progress and even exhibit some of the fundamental process that are normally associated 
with living matter, like growth and division.

It is important to note that these general classes of compartments, whether phase  separated 
or membrane bound, did not necessarily act alone. We can certainly imagine that multiple 
types of compartments coexisted and that multiple physical effects could have combined. 
The organic microcompartments described in this chapter would have appeared in the con-
text of an environment that already had several types of inorganic microcompartments such 

(c)

(a) (b)

FIGURE 10.17 Optical micrographs of droplets prepared at pH 8 in water from 20 mM solutions of 
peptides and ATP: oligolysine–ATP (1–5 kDa, 5–24 monomer units; bright field). (a, b) Two exam-
ples of droplets made from poly(lysine) and ATP. The droplets were stained with methylene blue. 
Scale bars for panel (a) and (b) are 20 and 50 μm, respectively. (c) Optical images of poly(lysine) and 
ATP droplets where [PLys] = [ATP] = 25 mM in the presence of various solutes and nanoparticles. 
From left to right; CMDex–Co3O4 (pH 5), protoporphyrin IX, copper chlorophyllin, fluorescein, 
and methylene blue. Coloration within the PLys/ATP coacervate layer is indicative of preferential 
sequestration into the membrane-free microcompartments. (Adapted from Koga, S. et al., Nat. 
Chem., 3(9), 720, 2011. With permission.)
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as liquid–solid interfaces, and it is reasonable to hypothesize that they would have interacted. 
For example, the surfaces of minerals could have served to bind and preconcentrate amphi-
philes, making it possible for them to self-assemble into vesicles. Similarly, polymers could 
have become concentrated in rock crevices, ice eutectics, or other types of physical compart-
ments prior to undergoing phase separation. Inorganic ions leaching from rocks could have 
also aided phase separation.

Organic compartments that formed in close association with existing inorganic 
 microenvironments such as clay mineral particles could benefit from preconcentra-
tion of functional polymers such as RNA. Researchers have demonstrated that RNA 
molecules added to montmorillonite clay particles, and entire clay particles, can be 
encapsulated within fatty acid vesicles formed from fatty acid micelles. The resulting 
structures, which thus can contain catalytic and informational materials (i.e., clay and 
RNA), were further demonstrated to be able to grow by adding fatty acids from solution 
and to divide when exposed to the stress of extrusion through a small pore (Hanczyc 
et al., 2003). Finally, the two classes of organic compartments discussed in this  chapter 
are not incompatible and may have interacted in the prebiotic milieu (Keighron and 
Keating, 2011). Amphiphilic compartments such as micelles or vesicles may have 
partitioned into polymer-rich phase droplets and/or assembled at their interfaces. 
Phospholipid vesicles have been demonstrated to both partition in, and accumulate 
at interfaces of, ATPS formed from neutral polymers (Albertsson, 1971). Researchers 
have further demonstrated encapsulation of sufficient polymer concentrations during 
lipid self-assembly to support phase separation in the interior volume of the vesicle 
(Keating, 2012).
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GLOSSARY
Amphiphile: A molecule consisting of a hydrophilic (polar, water-soluble) group attached 

to a hydrophobic (nonpolar, water-insoluble) group that is typically a hydrocarbon 
chain.

Coacervate: Polyelectrolyte-rich aqueous droplets.
Compartmentalization: Creation of areas of different composition than surrounding 

areas. Compartments can be formed by, for example, barriers to diffusion or envi-
ronments for which solutes have different affinity.

Debye length: The measure of a molecules net electrostatic effect in solution and the 
length over which those electrostatic effects persist. It is the length of the persis-
tence charge from one molecule felt by an adjacent molecule.

Electrostatic repulsion: The unfavorable interaction between two species of like charges.
Intermolecular forces: Forces of attraction or repulsion between atoms, molecules, or 

ions. Intermolecular forces can be weaker than the force felt to keep a molecule 
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together, known as intramolecular forces. Intermolecular forces include van der 
Waals, dipole–dipole, and hydrogen bonding.

Lipid bilayer: Phospholipids organized in two layers wherein their hydrophobic tails are 
projecting inward while their polar head groups are projecting outward.

Micelle: A submicroscopic aggregate of amphipathic molecules in water, with the nonpo-
lar portions in the interior and the polar portions at the exterior surface, exposed 
to water.

Phase diagram: A diagram representing the limits of stability of the various phases in a 
chemical system at equilibrium, with respect to variables such as composition and 
temperature.

pKa: The negative log of the acid dissociation constant. It represents the pH at which the 
molecule is half protonated and half deprotonated.

Protocells: Endogenously ordered spherical compartments containing nucleic acids, lip-
ids, and/or polypeptides proposed as the stepping-stone for the origin of life.

Protonation: The addition of a hydrogen ion (H+) to an atom, molecule, or ion, such that 
a charge of one is added for each hydrogen atom added.

Vesicle: A hollow sac formed by a surrounding amphiphilic bilayer that contains aqueous 
solution and/or other structures.

Zwitterion: A molecule with an overall neutral charge but contains both a negative and 
positive electrical charge. Zwitterions may also be referred to as dipolar molecules.

REVIEW QUESTIONS
 1.  Why would compartments be advantageous for the early development of prebiotic life? 

Are there potential disadvantages can arise from compartmentalization?

 2.  Name two types of organic compartments that may have been important on the early 
Earth. What kinds of processes might these environments have facilitated?

 3.  Explain why fatty acids are amphiphilic molecules. Why does this make them a favor-
able molecule for the construction of vesicles and micelles?

 4.  Compare fatty acid amphiphiles with phospholipids. Explain how each type of 
 molecule forms self-assemblies, and how the properties of these assemblies differ.

 5.  What does selective compartmentalization mean? How does this relate to the perme-
ability of vesicular structures? Explain several examples where vesicles can become 
permeable to certain molecules and how this can occur.

 6.  Why do you think multivalent ions have an aggregating effect on amphiphiles? How 
do modern cells combat this issue? What factors would amphiphiles have to overcome 
to stabilize vesicle formation in an environment rich in metal cations (e.g., Ca2+, Fe3+, 
Mg2+), such as the ocean?

 7.  Describe three main types of phase separation that can occur in aqueous solutions 
when macromolecules are present. What types of polymeric molecules do they require? 
How do the compartments formed from the different types compare?
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 8.  In what region(s) of a phase diagram would you expect ATPSs to be most sensitive to 
changes in temperature, pH, and salt? At what composition would you expect ATPS to 
be most robust in changing microenvironments?

 9.  The ionic strength of a solution has a significant impact on phase separation. Explain 
the concept of ionic strength and what happens when salt interacts with a charged 
polymer. Draw pictures to help explain. (Hint: what happens to the interaction between 
the polyelectrolytes as a function of ionic strength?)

10.  In your own words, describe the thermodynamic process behind phase separation of 
two uncharged polymers. What are the entropic and enthalpic factors that go into 
phase separation? Use the common equation for free energy to help explain.

11.  Explain why vesicles form with some molecules and aqueous two systems phase occur 
with others. In what other way are vesicles and aqueous phases different?

12.  List the similarities and differences between aqueous phases and vesicles. What 
processes do you think each of these structures could have facilitated on the early 
Earth? Can you think of processes that are not compatible with these types of early 
compartments?

13.  What aspects of living cells do you think are most important for consideration in 
 generating protocells either on the early Earth or in the laboratory? Explain. 
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C h a p t e r  11

Role of Phosphorus 
in Prebiotic Chemistry

Matthew Pasek

11.1 ELEMENTS OF LIFE
Life is characterized by a set of self-sustaining chemical reactions involving carbon, hydro-
gen, oxygen, nitrogen, phosphorus, sulfur, and an assortment of salts and metals such as 
potassium and iron. These elements are not found in equal parts in life, but instead fol-
low distributions that can be termed the stoichiometry of life. In chemistry, stoichiometry 
describes the relative ratios of elements or molecules in chemical systems. Biological stoi-
chiometry relates to the modern (present day) and ancient (over the last 4 billion years) 
environmental availability of these elements and to their importance to biochemical 
processes.

The stoichiometry of several materials relevant to life is given in Table 11.1. In this table, 
you should see a few interesting features. For one, all elements are normalized to one 
phosphorus atom. This is done so as to keep most of the numbers whole and to allow for 
easy comparison between environments. Next, the chemistry of the environments listed 
( cosmos, ocean, bulk silicate earth) changes significantly. This is due to the fact that we live 
on a rocky planet, not a gas planet such as Jupiter, and hence the more volatile elements, 
such as nitrogen and hydrogen, are less abundant in rocks (represented by the bulk silicate 
earth) than they are in the cosmos. Additionally, four biochemical compositions are listed. 
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The whole cell composition refers to the dried-down material of a cell and shows the com-
position of the stuff left after all water is removed. Water typically makes up about 70% of 
the mass of a cell. The next three columns give the composition of the cellular membrane—
the material that separates cells from the outside world—as well as the composition of the 
average RNA molecule and the composition of the metabolome. The metabolome is the set 
of molecules, excluding enzymes, which are used to make and break organic compounds 
to make new ones by cells.

What then might be the composition of life near its start? Is the composition that we see 
today reflective of its composition in antiquity? We do indeed have some reason to suspect 
that life’s current composition is fairly ancient. This idea has come about due to studies of 
how elements likely behaved on the early Earth and how these behaviors compare to modern 
biological composition. If the modern day elemental composition of the ocean is compared 
to the modern day composition of cells, there is a decent correlation between the two (see 
schematic Figure 11.1), though there is significant scatter. However, since life has been modi-
fying the geochemistry of the Earth for the last 3.5 billion years at least, using the modern 
ocean composition does not present an accurate picture of the environment in which cells 
arose. The early Earth, lacking oxygen, was influenced by a reducing environment, rich in 
free electrons, as evidenced by the presence of pyrite and uranitite minerals on the early 
Earth’s surface. Both of these minerals react away in an oxidizing environment. If the com-
position of the ocean is changed to account for a reducing environment, the relationship 
between modern cells and the ancient ocean significantly improves (Figure 11.1). The com-
position of living cells reflects in part the environment in which those cells evolved and has 
not changed too much in the last few billion years. For more discussion on early geochem-
istry relationships with stoichiometry (from which Figure 11.1 is derived), see Byrne (2002).

Although the current stoichiometry is similar to that of the ancient ocean, it is prob-
ably unlikely that this stoichiometry describes the composition of the chemical mixture 
at the origin of life. Additionally, it is unlikely that this stoichiometry is required for life 
elsewhere in the universe. A comparison of the stoichiometry of life and the stoichiometry 
of the environment reveals that the element phosphorus, P, is often a limiting reagent, 
especially compared to its relative importance in biology. As a result, we should pose the 
question, Why phosphate?

TABLE 11.1 Stoichiometry (on a per Atom Basis) of the Cosmos, as Defined by Elemental Abundance 
Patterns in the Sun and in Meteorites, of the Oceans, and of the Bulk Silicate Earth (Earth’s Crust, Mantle, 
and Hydrosphere), as well as Biological Portions Described in the Text

Cosmic Oceans 
Bulk Silicate 

Earth 
Bulk 

Bacteria P-Lipid RNA 
Metabolic 

Core 

H 2.8 × 106 4.9 × 107 21 203 90 10 15.4
O 1,400 2.5 × 107 10,800 71.7 8 7 9
C 680 974 4 116 46 9.5 9.5
N 230 16 0.06 15.5 1 3.75 2
S 43 12,400 3.3 0.19 0 0 0.05
P 1 1 1 1 1 1 1
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11.1.1 Why Phosphorus and Phosphate?

The element phosphorus generally will bond to oxygen under typical conditions at the 
Earth’s surface at a ratio of four oxygen atoms for every phosphorus atom. This arrange-
ment is tetrahedral in shape with phosphorus at the center and forms the phosphate tet-
rahedron. Most phosphorus on the Earth’s surface is in phosphate, and this molecular 
arrangement describes the speciation of phosphorus. There are a number of other arrange-
ments of P possible, including surrounding P with three hydrogen atoms to form the poi-
sonous gas phosphine (PH3), binding it to two oxygen atoms and two hydrogen atoms to 
form hypophosphite (H PO ),2 2

−  or binding it to three oxygen atoms and an organic radical 
to form a phosphonate (RPO ).3

2−  There are other potential phosphorus species, though the 
phosphate is generally the most stable (Figure 11.2).

Why is phosphate used so extensively by life? Phosphorus, as phosphate, has a few key char-
acteristics that make it ideal for metabolic processes and for the construction of biomolecules. 
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FIGURE 11.1 Schematic of the elemental abundances of human blood serum (used as a proxy for 
general biochemical systems), compared to the elemental abundances of two oceans, with (a) show-
ing the modern ocean and (b) showing a reducing ocean.
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Phosphate resides primarily in four reservoirs in cells: as free phosphate within cellular 
plasma, in membranes as phospholipids, in the nucleic acids, and as metabolic molecules 
including adenosine triphosphate (ATP). At its most basic level, free phosphate, specifically 
H PO2 4

− and HPO ,4
2−  is highly useful as a pH buffer. The pKA of H PO2 4

− is about 7, meaning 
that at equal concentrations of H PO2 4

− and HPO ,4
2−  a fluid will have a pH of 7, thus ensuring 

a static chemical system with respect to acidity.
Free phosphate is not bound to organic compounds and is a solute. Modern cells have a 

dissolved phosphate concentration of about 10−4 M. Most of the phosphate in cells is actu-
ally bound through covalent bonds to organic molecules, where it serves several impor-
tant roles. A significant amount of phosphate is in phospholipids. Phospholipids are lipids 
(compounds with both hydrophobic and hydrophilic ends that self-assemble) that make 
up cell membranes and separate the cell from the outside world. These molecules con-
sist of a phosphate group bound to a glycerol, which is in turn bound to two fatty acids 
(Figure 11.3). The phosphate group in phospholipids is strongly hydrophilic, whereas the 
fats are strongly hydrophobic. As a result, these two ends of the molecule act to create lipid 
bilayers, a sort of oily separation of one set of material from the environment.

An extremely important role for phosphorus in biology is in the backbone of the nucleic 
acids DNA and RNA. Both DNA and RNA consist of three main parts: nucleobases that 
serve as the letters of the genetic code (e.g., A, G, C, T, or U); a sugar, either ribose (RNA) or 
deoxyribose (DNA); and a phosphate. The phosphate binds the sugars together to make the 
backbone of the nucleic acid, which in turn holds the nucleobases together to make a double 
helix (DNA) or single helix (RNA). As the phosphate does so, it has a few major effects. For 
one, phosphate is capable of forming bridges between sugar atoms through two oxygen 
atoms while maintaining a charge. The resulting chemistry is a large, charged, polymer that 
stores genetic information. Having a large, charged polymer ensures that the polymer can-
not leak out through a cell membrane. Cell membranes are quite permeable to hydrophobic 
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materials (such as organic polymers) but not to charged molecules. The charged phosphate 
keeps the nucleic acid in place. Additionally, it does so without increasing the chirality of 
the molecules (see Chapters 4 and 5).

The addition of phosphate to an organic molecule has other effects as well. For one, the 
addition of the strongly charged phosphate group increases the solubility of the molecule. 
Since most cells are made of water, this allows organics to be shuffled about within a cell. 
Additionally, since phosphate molecules are strongly attracted to divalent cations such as 
Mg2+, the addition of a phosphate group to a molecule allows it to be directed to an enzyme 
site by attracting the phosphate group with a bound Mg2+ atom. For instance, Mg–phosphate 
bonds determine the shape of large RNA molecules (see Bowman et al. 2012 for more details).

The final, and probably the most useful, features of phosphate to life are its energetic 
characteristics. Phosphate is capable of bonding to another phosphate anion to make a 
polyphosphate (Figure 11.3), of which the major one occurring in biologic systems is ATP. 
The formation of polyphosphates is accompanied by a loss of water and a gain of energy. 
Polyphosphates are critical materials that shuffle cellular energy about: when a cell is at 
rest, it burns sugars to make CO2 and ATP. When the cell needs to do work, it uses its stores 
of ATP to affect its environment and change its chemistry. For more information on the 
role of phosphorus in biochemistry, see Westheimer (1987).

Though phosphate is important in life due to its unique chemistry, other alternatives may 
play similar roles in life elsewhere. One such molecule that has been suggested to serve as an 
alternative to phosphate in life is arsenate. The arsenate anion consists of an arsenic atom sur-
rounded by four oxygen atoms and is chemically quite similar to phosphate: it has similar KAs, 
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is capable of forming bridging bonds with no increase in chirality, and increases the solubility 
of organic molecules when bonding. For more information on the arsenic-based backbone 
idea, see Wolfe-Simon et al. (2011).

Indeed, the concept of element periodicity allows for a range of unusual substitutions in 
possible astrobiological (or science fiction!) alternatives to terrestrial life. Element period-
icity is the concept that elements within the same column of the periodic table have very 
similar chemical behaviors. An extreme version of this view is an organism consisting of 
silicon-based molecules living in a sea of H2S (an analog to H2O) with arsenate backbones 
(an analog for phosphate) for its silicon-based DNA (an analog to carbon-based organic 
chemistry). Please refer to Chapter 7 for the role of silicon in life.

Although possible, such a scenario is unlikely, as element periodicity only goes so 
far. For one, the cosmic abundances of the elements limit the chemistry of life to the 
first three rows of the periodic table. The elements occurring in the lower rows are just 
too rare to be likely major constituents of life. Additionally, although the chemistry of 
elements within a period is similar, it is not identical. Arsenate participates in redox 
chemistry much more readily than does phosphate, with redox changes from +5 to +3 
occurring under only mildly reducing conditions. Thus, the stability of arsenate as a 
global constituent is unlikely. Finally, the fundamental chemical behavior of elements 
within the same period can be quite difficult. Although arsenate can bond to sugars 
just like phosphate, it also breaks off of sugars at a much faster rate (thousands of times 
faster). Thus, the long-term persistence of arsenate biomolecules, at least on planets like 
the Earth, is unlikely.

11.2 THERMODYNAMICS OF PHOSPHORYLATION
The formation of an organophosphate may have been a critical step in the development of 
life on Earth. An organophosphate molecule is a molecule with a phosphate bound to it 
through an oxygen atom (Figure 11.3). The synthesis of an organophosphate is difficult and 
does not occur spontaneously. The reasons why this reaction is so heavily impeded are due 
to the fundamentals of chemical thermodynamics. Understanding the thermodynamics of 
phosphorylation requires an understanding of chemical thermodynamic equations.

A thermodynamic equation is composed of two terms: ΔH and ΔS. The ΔH term is the 
change in enthalpy of a chemical reaction. This has a very obvious relationship to the physi-
cal world as this is the heat of a reaction. If a chemical reaction releases or absorbs heat as 
it proceeds, this is directly linked to the enthalpy of the reaction. If a reaction releases heat, 
it is called exothermic. An example would be the combustion of gasoline. An endothermic 
reaction is the opposite: it absorbs heat to proceed. The evaporation of isopropanol (rub-
bing alcohol) on your skin is a good example of this process.

The ΔS term is the change in entropy of a chemical reaction. Although entropy is com-
monly referred to as disorder, these two terms are not equivalent. Effectively, entropy 
refers to the ability of a system to explore its physical environment. For instance, if a gas 
is confined to a vial, and if the vial’s volume is doubled, the gas can now explore twice as 
much space and it has increased in entropy. All chemical processes increase the entropy of 
the universe on some level, though many do so with a smaller loss of entropy elsewhere. 
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The crystallization of salt from water decreases the entropy of the salt (as it goes from 
freely moving ions to a confined mineral), but this occurs as a result of evaporation of 
water (which increases entropy).

These two terms taken together give the Gibbs free energy of a reaction:

 ΔG (rxn) = ΔH (rxn) − TΔS (rxn) (11.1)

In general, we care primarily about the ΔG (rxn) at standard state (i.e., 1 atmosphere of 
pressure and 298 K). Under these conditions, ΔG (rxn) is equal to ΔG0 (rxn).

The thermodynamic value most useful for determining compositions in geochemical 
fluids is the ΔG value or the Gibbs free energy of a reaction. Thermodynamics uses two 
equations to do this:

 ΔG0 (Reaction) = ΔG0 (Products) − ΔG0 (Reactants) (11.2)

 ΔG0 (Reaction) = − RT ln K or e

−

=
∆G Reaction0 ( )

RT K  (11.3)

Note that R is the universal gas law constant (8.314 J/mol K, or 0.001987 kcal/mol K), and 
T is the temperature in Kelvin (K). At standard state, T is equal to 298 K, and the pressure 
is 1 atmosphere.

The ΔG0 values of individual species are compiled as tables of data. These ΔG0 values are 
all referenced to the ΔG0 values of their standard elemental state at a given temperature. 
In other words, at 298 K, all compounds bearing oxygen are referenced to the thermody-
namic properties of O2 (g). To make it easy, the ΔG0 of O2 (g) at 298 K is 0 kcal or 0 kJ or 0 J. 
Compounds that are composed of multiple elements, for instance, Mg2SiO4, are referenced 
to elemental Mg metal, elemental Si, and O2 gas at 298 K.

The ΔG value of a chemical reaction determines the direction of a chemical reaction. 
If the ΔG (rxn) is greater than 0, then the reaction will move toward reactants; if it is less 
than 0, then it will move toward products; and if it is 0 (or close), then it is at equilibrium 
and will not change much at all. The value of ΔG (rxn) also tells you how much energy can 
be extracted from a reaction or whether energy needs to be added to the reaction to push 
it one direction or another.

In most cases, we use thermodynamics to solve for the ratio of products to the reactants, 
known as the K value. Using Equation 11.3 requires a bit of knowledge on what the K rep-
resents. For the generic reaction,

 aA + bB → cC + dD (11.4)

The K value of this reaction is equal to

 
K

C D

A B

c d

a b
= [ ] [ ]

[ ] [ ]
 (11.5)

Note that each of the coefficients in front of the compounds reacting becomes exponents in 
the K. The value used for [C] is the activity of C. The activity of C is unitless and represents 
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a reactive characteristic of the element. In many cases, the activity is set equal to the molar-
ity of C (the moles of C per liter of solution). This is accurate for most dilute solutions.

There are some other curiosities associated with activity. Most solids are defined in this 
system as having an activity of 1. In other words, solids do not participate in K calculations 
(as a ratio multiplied or divided by 1 is equal to itself). Naturally, this is not always true, 
but serves as a useful approximation. Additionally, the activity of water will usually have a 
value of 1 as well, so, like solids, it drops out of the K calculation.

11.2.1 Nonequilibrium Systems

For the most part, these calculations are used for equilibrium systems. For a nonequilib-
rium system, which is one that has not completely reached the lowest energy, Equation 11.3 
is modified to

 ∆ ∆G G RT ln Q= +0  (11.6)

where
ΔG0 is the Gibbs free energy at equilibrium
Q is the reaction quotient at the disequilibrium state

Note that the ΔG being calculated does not need to be at a standard state and is not neces-
sarily at equilibrium. Indeed, at equilibrium, the ΔG value is equal to 0, and there is no 
chemical energy free to be extracted from the reaction. Q is equivalent to K, but has the 
values that are measured at a given point in the reaction placed into the activities instead 
of the equilibrium values.

11.2.2 Thermodynamics of Phosphorylation

A phosphorylation reaction is a reaction that generates an organophosphate compound. 
Organophosphate compounds are the primary biologic phosphates used by life and include 
DNA, RNA, and the metabolic molecule ATP. The phosphorylation of an organic com-
pound is generally not spontaneous and usually requires energy. For instance, the phos-
phorylation of glucose

 C6H12O6 + H PO2 4
− → C6H12O6PO3

− + H2O (11.7)

has a ΔG0 at 298 K of +13.8 kJ/mol if the phosphate attaches to the 6′ carbon. We can turn 
this into a K:

 
K RT= = =

− −

−e

∆G Reaction
C H O PO

C H O H PO

0

6 12 6 3

6 12 6 2 4

0 0038

( )
[

[ ][ ]
.

]  (11.8)

This means that the ratio of the concentration of glucose-6-phosphate to the product of 
the concentrations of glucose and phosphate is only 0.0038. The activity of water in this 
reaction is set to 1.
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Chemists often think in terms of yield: the amount of product produced divided by 
the amount of product expected if the reactants reacted completely. We do not know the 
maximum concentration of phosphate or glucose in the early Earth (prebiotic) water, but if 
the concentration is similar to that of today, we might expect to see concentrations on the 
order of 10−6 M. At these concentrations, you would expect to see 3.8 × 10−15 M of glucose 
phosphate, an exceedingly low concentration. Glucose is actually one of the easier com-
pounds to phosphorylate, and most phosphorylation reactions have much lower yields. 
If phosphates were critical for the development of life on Earth, then how did they arise 
spontaneously?

We can use the K to determine ways of increasing the yield. One of the simplest ways 
of increasing yield is to increase the concentrations of reactants. Indeed, if the glucose 
and phosphate concentrations are raised to 1 mol/L, you would expect 3.8 × 10−3 M of 
glucose-6-phosphate. In biology, cells increase concentrations locally by binding mol-
ecules to enzymes that increase their local activity and simultaneously increase yield. 
Alternatively, if the glucose-6-phosphate is removed from the system (e.g., it may be 
shuffled to another part of the cell or used in another chemical reaction), then more 
glucose-6-phosphate can be made as its activity has gone down again. Still, another way 
to increase the yield of phosphorylation is to remove water. Since water is a product of 
this reaction, drying the system decreases the activity of water (from 1 to less than 1), 
 enhancing the yield of glucose-6-phosphate. Water can be removed by heating ( boiling 
it off), freezing (turning it to ice), or by changing the solvent to an organic solvent such 
as formamide (HCONH2).

Two other ways that may provide increased reactivity and enhance phosphorylation 
yields are to use reactive compounds to activate the organic compounds or to use more 
reactive phosphate compounds. In this way, the thermodynamic barrier for phosphory-
lation is overcome by adding energy in the form of a more reactive reagent. One class of 
these compounds are called condensing agents, so name because they cause a condensa-
tion reaction, or a loss of water. Condensing agents can be formed through natural atmo-
spheric phenomena and include the compounds cyanate, OCN−, and cyanamide, NCNH2. 
Alternatively, use of reactive phosphates, such as polyphosphates, can overcome these 
energetic barriers and promote phosphorylation.

Prebiotic chemists have attempted to form phosphorylated organic compounds using 
all of these methods. Indeed, several organophosphates have been made by increasing the 
concentration of phosphate, heating solutions to evaporate water and thus decreasing water 
activity, adding condensing agents, and adding polyphosphates (further information on 
prebiotic phosphorylation methods can be found in Pasek and Kee [2011]). Unfortunately, 
a significant problem has come about through these reactions: very few accurately repre-
sent a geologic system that might actually use both naturally occurring phosphorus min-
erals and organics and subject them to reasonable geochemical processes (heating, UV 
light, lightning) to generate organophosphates. As a result, the phosphorylation of organ-
ics under plausible geologic or cosmic conditions has presented a conundrum that has been 
colloquially termed the phosphate problem.
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11.3 PHOSPHORUS MINERALS
The phosphate problem is a problem because the geochemistry of phosphate is different 
from all of the other major biogenic elements. For one, there is no significant volatile 
phase for phosphorus. Oxygen and hydrogen form water, carbon forms methane and CO2, 
nitrogen forms ammonia, and sulfur can form H2S. Phosphorus, however, is almost uni-
formly in phosphate minerals on the Earth’s surface. As a result, the cycling of phosphate 
on Earth is slow, as it is tied to the rock cycle, which is the slow building of mountains, 
weathering of these mountains to sediment, and burying the sediment by plate tectonics, 
eventually uplifting them again to form new mountains. As you can figure, this process is 
slow. The other elements move around the Earth rapidly, since they have volatile phases. 
Additionally, this suggests that the phosphorus used by early life also had to come from a 
mineral source, since most phosphorus is bound up in rocks.

There are at least 100 distinct phosphate minerals on the surface of the Earth. Have there 
always been this many phosphate minerals on the Earth’s surface? We can convincingly 
argue that the actual phosphate mineral inventory of the early Earth was much lower on 
the basis of a few key features. For one, many of the modern phosphates are biological in 
origin. Some of these minerals are found in guano, or as biominerals, or as microbial pre-
cipitates. Other phosphate minerals use oxidized metals, such as copper(II) or iron(III) as 
cations. Since the early Earth was less oxidizing than the present-day Earth, these miner-
als are unlikely. Still, other phosphate minerals are generated as a result of extensive plate 
tectonics or hydrothermal processing and probably took 2 or 3 billion years to accumulate 
enough to form distinct deposits of these minerals. Indeed, the phosphate inventory of the 
early Earth was probably limited to under 20 unique phosphate minerals. For a perspective 
on what other minerals were present on the early Earth, see Hazen et al. (2008).

The phosphate mineral inventory of the early Earth was likely small and probably con-
sisted of a few robust phosphate minerals. These phosphate minerals include a number of 
calcium phosphates as calcium is a very strong scavenger of phosphate, as well as a few 
rare earth phosphates. Both phosphate and rare earth elements are poorly soluble in the 
average silicate mineral, and as many rocks crystallize, rare earth elements, calcium, and 
phosphate bond together to form phosphate minerals. These minerals include a mineral 
named apatite, which has a formula of Ca5(PO4)3 (F, OH, Cl) and is near and dear to us 
vertebrates, as it makes up our bone (Figure 11.4).

The primordial phosphate minerals were robust, which means they were pretty stable. 
Since these minerals were stable, they are poorly soluble. Indeed, if apatite is added to pure 
water, you would expect to see less than 10−6 M of phosphate in the water resulting from apa-
tite dissolution. The other primordial minerals provided similarly little phosphate. Since the 
phosphorylation of organics is dependent on a high activity for phosphate, the low concentra-
tion of phosphate resulting from the dissolution of primordial phosphate minerals implies 
that these minerals may not have been a great source of phosphate for the development of 
these key biomolecules.

One potential alternative to phosphate minerals that may have been important on the 
early Earth is phosphorus from meteorites. Meteorites bear phosphorus in a form not 
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usually encountered on Earth, in minerals called phosphides. One phosphide, the mineral 
schreibersite, (Fe,Ni)3P, is especially common in meteorites. When this mineral reacts with 
water, it releases phosphate and phosphite (HPO3

2−) anions that are not impeded by low sol-
ubility as these anions do not bond to iron very well at neutral pH. As a result, the activity of 
phosphate in a body of water with meteoritic phosphorus in it can be quite high. Although 
this meteoritic alternative to phosphates may seem far-fetched, recent studies have shown 
that the phosphorus in some of the oldest sedimentary rocks on Earth may have a sig-
nificant meteoritic origin, with meteoritic phosphorus being 100 times more abundant in 
oceans than phosphate on the early Earth. If interested, please see Pasek (2008) and Pasek 
et al. (2013) for more details on the meteoritic origin of prebiotic phosphorus.

11.4 CONCLUSIONS
Phosphorus is an important element in biology today due to several key features, includ-
ing charge, bonding structures, and energy. The spontaneous formation of phosphorylated 
biomolecules is difficult as the most facile routes to phosphorylated biomolecules require 
conditions that are not geochemically plausible. This problem comes about as a result of 
the unique thermodynamic features of phosphorylated biomolecules. Pathways leading to 
organophosphates under plausible geochemical conditions may have to invoke meteorites, 
redox chemistry, or production of polyphosphates.

GLOSSARY
Activity: A chemical term describing the reactive concentration of a compound in a solution. 

If the solution is ideal, then the ratio of the activity to concentration of the solute is 1. 
If the solution is not ideal, perhaps by being too salty, then this ratio deviates from 1.

Apatite: A set of calcium phosphate minerals that include hydroxyapatite Ca5(PO4)3OH, 
fluorapatite Ca5(PO4)3OH, and chlorapatite Ca5(PO4)3OH. Most phosphate is 
trapped in these minerals on the Earth’s surface, and these minerals also make up 
a significant portion of the minerals in meteorites.

Bulk silicate earth: The part of the Earth that includes the mantle, hydrosphere, and 
crust, excluding the metallic core.

(a) (b)

FIGURE 11.4 (a) Apatite forms translucent crystals. (b) Schreibersite is a metallic mineral (slightly 
different texture in the middle of meteorite).
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Condensation reaction: A reaction that must release water to occur.
Enthalpy: The change in heat of a chemical reaction.
Entropy: The change in physical arrangement of a chemical reaction, often in terms of 

order and disorder, with disorder being a higher entropy state than order.
Gibbs free energy: A measure of the free energy of a chemical reaction, which considers 

both enthalpy and entropy changes taking place. The Gibbs free energy determines 
whether a reaction will be spontaneous or not. It is named after the nineteenth-
century physical chemist Willard Gibbs.

Hydrophilic: A material or molecule that is attracted to water, due to similarity in molec-
ular bonds.

Hydrophobic: A material or molecule that is repelled by water.
Metabolome: The set of molecules, excluding enzymes, which are used to make and break 

organic compounds to make new ones by cells.
Meteorite: A naturally occurring rock from space that has landed on the surface of the Earth.
Orthophosphate: Dissolved inorganic phosphate in water, with composition that ranges 

from H3PO4 at low pH to PO4
3− at high pH.

Phosphate problem: A problem in prebiotic chemistry that describes the difficulty of the 
spontaneous phosphorylation of organic compounds by minerals likely present on 
the early Earth’s surface.

Phosphorylation: A chemical reaction that adds a phosphate group to an organic com-
pound reducing the early Earth.

Reduced early Earth: A hypothesis on the chemical environment of the early Earth that 
proposes the Earth’s surface was electron rich or reducing. This would be accom-
panied by reducing gases in the atmosphere such as H2 and CH4 and differences in 
the speciation of several elements such as Fe and U.

Schreibersite: A meteoritic mineral rarely found on Earth with formula (Fe,Ni)3P. This 
mineral may have acted as the primordial source of phosphate for phosphorylation 
reactions on the early Earth.

Stoichiometry: A branch of chemistry describing the relative molar ratios of reactants 
and products in a chemical system.

REVIEW QUESTIONS
1.  If you wanted to assemble an RNA molecule from seawater, what ratio of seawater to 

RNA molecules might you expect? If the amount of phosphate in seawater is 10−7 M, 
how much water would you need to build 1 mol of RNA molecules?

2.  Which of the following is NOT a change that occurs to an organic molecule when phos-
phate is bound to it?

 a. Increasing its charge

 b. Increasing its solubility

 c. Increasing its volatility

 d. Allowing the molecule to bind to divalent cations, such as Mg2+
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3.  Certain plants and algae make sulfolipids instead of phospholipids, where a sulfur- 
bearing organic replaces the phosphate group (see, for instance, Van Mooy et al. 2006). 
Why might this be?

4.  One potential alternative to phosphate in prebiotic assembly is the molecule glyoxylate, 
which bonds spontaneously to nucleosides to form polymers (e.g., the ΔG is less than 0). 
What issues might arise from the spontaneous assembly of polymers using glyoxylate 
(Figure 11.5)?

For more on the glyoxylate hypothesis, see Bean et al. (2006).

5.  The phosphorylation reaction may work better if polyphosphates are used in place 
of phosphate. One polyphosphate that is relatively easy to synthesize under plausibly 
 prebiotic conditions is pyrophosphate, or H P O2 2 7

2− . If pyrophosphate spontaneously 
hydrolyzes with a free energy of −19.2 kJ/mol,

 H P O2 2 7
2− + H2O → 2H PO2 4

−

And if the phosphorylation reaction for glucose requires +13.8 kJ/mol, what would 
the free energy be of the reaction

 C6H12O6 + H P O2 2 7
2− → C6H12O6PO3

− + H PO2 4
− ?

Is this reaction spontaneous?

6.  Using the thermodynamic properties of several substances in the following table, esti-
mate the solubility of the mineral apatite (in mg/L). Assume the dissolution reaction is

 Ca5(PO4)3F → 5Ca2+ + 3PO4
3− + F−

Species ΔG0 (kJ/mol) 

Ca5(PO4)3F −6475.72
Ca2+ −553.676
PO4

3− −1026.1
F− −277.884

O

O

OH

O

O

O

O

R1

R2

R3

O–

HO OH

FIGURE 11.5 Schematic of glyoxylate acting in RNA replication. R1 and R2 are nucleobases such as 
adenine or guanine, and R3 is the continuing repetition of this structure.
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C h a p t e r  12

Cold and Dry Limits of Life

Christopher P. McKay, Alfonso F. Davila, and Henry J. Sun

12.1 INTRODUCTION
Life as we know it exists within a set of boundary conditions defined by temperature, pH, 
water activity, etc. This imagined multidimensional space is composed of many specific 
environments, each of which is occupied by an assemblage of well-adapted organisms. 
To the extent that organisms from one environment may not survive in another, all these 
environments might be considered extreme. Astrobiologists are interested in delineating 
the boundary conditions of life, conditions beyond which long-term existence is no longer 
possible. Such absolute extreme environments provide a basis for assessing the limits of 
habitability on Earth and elsewhere.

Mars has been at the center of exobiological explorations. This is partly because of 
easy accessibility and partly because conditions on early Mars were wetter and possibly 
conducive to the origins of life. Today, however, Mars is an extreme cold desert. If life 
originated there, some organisms may have adapted to the drastically changing planet 
and survived, perhaps even to the present. It is in this context that scientists have been 
exploring the Antarctic Dry Valleys, one of the coldest and driest places on Earth, for the 
last 60 years and more recently the Atacama, one of the driest. Much is known about the 
organisms that survive there. Sufficient information indicates that in Antarctica, the cold 
limit is approached but may not be crossed. In the Atacama, the dry limit is reached in the 
 hyperarid core.
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12.2 ALL EXTREMES ARE NOT EQUAL
For many environmental conditions, the limits of habitability are usually sharply defined. 
With regard to temperature, the upper limit appears to be about 125°C (Takai et al. 2008), 
perhaps due to an unfavorable change in the dielectric properties of water. There are organ-
isms well adapted to grow and reproduce up to this temperature, and many require the 
high temperature for growth. A similar pattern is observed for low and high pH and salin-
ity. Obligate alkaliphiles, for instance, can grow at pH 11. They possess H+/Na+ antiporters 
that pump proton in and help maintain a neutral cytoplasmic milieu. Neutral pH environ-
ments are lethal to these specialized adapted organisms.

However, environments that are very cold or very dry are quite different in that we do 
not find organisms successfully adapted to them. Although there are reports of micro-
organisms growing down to −15°C (Mykytczuk et al. 2013), in general, microorganisms 
found in permafrost environments are similar to their temperate counterparts (Vorobyova 
et al. 1997, Gilichinsky et al. 2007). For example, growth rates in whole samples of Siberian 
permafrost decreased exponentially with temperature and were highest at the highest tem-
perature measured (+5°C) (Rivkina et al. 2000), despite the environment from which these 
samples originated never experience temperatures above freezing. The community toler-
ates the cold but is not optimized for the cold. As noted by Friedmann (1994), there is a 
reduction in bacterial numbers with advancing permafrost age that points to a gradual 
elimination of organisms over time. Permafrost microbiota is therefore better described 
as survivors. In that respect, it is noteworthy that permafrost microbiota survives by 
depleting nonrenewable resources, and the community is bound to an end point when its 
resources are depleted (Friedmann 1994). Cavicchioli (2006) discusses the question of cold 
adaptation in a review of cold-adapted Archaea. He suggests that organisms that can grow 
in cold environments should be labeled cold adapted even if the temperature at which they 
grow fastest and their upper growth temperature limit can be well above the temperature 
of their environment. This would change the terminology but leave intact the observation 
that the survival in the extreme cold is a situation of compromise, that is, the organisms 
prefer much higher temperatures.

The reasons for the apparent lack of successful adaptations in extremely cold environ-
ments are still speculative. The survival strategy for life in these environments appears 
to be rooted in the ability to survive freezing with little damage and rapidly switch on 
metabolism when clement conditions become available. Even during these brief, clement 
periods, growth is extraordinarily slow. This imposes obvious constraints on the capacity 
of organisms to adapt, since evolutionary processes would be accordingly slow (Friedman 
1994). It is also possible that investment in complex biochemical adaptations to grow at low 
temperature or water activity may not be cost effective.

Life in the Atacama Desert follows a similar pattern. Across a rainfall gradient from 
wetter Copiopo to drier Yungay, there is a sharp reduction in soil taxonomic diversity 
due to increasing aridity (Crits-Christoph et al. 2013). Soil microbiota in the hyperarid 
core also may be considered survivors, as less desiccation-tolerant species are eliminated. 
Although occasional, small-volume rain events occur, growth during the wet periods may 
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be limited. Like in permafrost, the long-term survival in hyperarid soil is constrained 
by a finite, nonrenewable energy resource, and therefore sooner or later, the community 
would die.

Endolithic cyanobacteria living within salt rocks (halite) are the only photosynthetic 
life-form in the arid core of the Atacama Desert (Wierzchos et al. 2006). The deliquescence 
of halite condenses vapor from the atmosphere when relative humidity (RH) is above 75%, 
and the condensate is retained in small pore spaces. In the Antarctic, sandstone can melt 
snow and retain moisture during the summer (Friedmann et al. 1987, 1993, Sun 2013). 
The fact that in both environments endolithic organisms are the sole survivor suggests that 
this is the form of life to search for on Mars. For a recent review of endolithic communities, 
see Wierzchos et al. (2013).

Cold and dry environments are unusual when compared to other extremes in two 
additional ways; the organisms best able to survive these challenges are not prokaryotes 
and there is no lower limit to survival. Many organisms can survive to absolute zero for 
both temperature and water activity. The types of organisms that can withstand extreme 
cold and dry warrant some elaboration. From an environmental perspective, it is clear 
that there are many eukaryotes that can survive cold conditions as well as any prokaryote 
(e.g., Onofri et al. 2004), and many eukaryotes survive dry conditions better (e.g., Palmer 
and Friedmann 1990). Indeed, the organisms that live at the lowest value of water activity 
and spoil food at low water activity are molds, yeasts, and fungi (e.g., Scott 1957).

12.3 DRY LIMIT OF LIFE ON EARTH
In the context of the dry limit, nonrain sources of water, including fog and dew, are also 
important. The role of fog and rain in the hypolithic habitat has been studied in the Namib 
Desert, where there is a clear and gradual transition from fog-dominated moisture sources 
on the West Coast to rain-dominated moisture sources on the interior 200  km or so 
inland. Along this transect, hypolithic cyanobacteria growing below translucent stones 
(e.g., Pointing and Belnap 2012, Wierzchos et al. 2013) are equally present in the foggy and 
rainy ends of the transect (Stomeo et al. 2013, Warren-Rhodes et al. 2013). Azúa-Bustos 
et  al. (2011) also reported on hypolithic cyanobacteria supported mainly by fog in the 
coastal range of the Atacama Desert.

In the hyperarid core of the Atacama Desert, exemplified by the Yungay region, fog and 
dew are not enough to create wet conditions below translucent stones, and hypolithic cya-
nobacteria are not found (McKay et al. 2003, Warren-Rhodes et al. 2006). Here, the water 
activity (RH) of the atmosphere and surface soils has a daily average between 0.2 and 0.4 
throughout the year, well below the lower limit for life (McKay et al. 2003). However, there 
are occasional periods when morning RH rises to high levels, even causing condensation. 
The absence of hypolithic cyanobacteria in the hyperarid core at first seemed to indicate 
that photosynthesis was not occurring in this environment. However, Wierzchos et al. 
(2006) discovered endolithic cyanobacteria living just below the surface of submeter-scale 
halite (NaCl) nodules in the Yungay region. Because of the persistent low water activity and 
lack of rain, the halite is not washed away and is stable over geological time. Saturated brine 
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is generated inside the halite by the combined action of deliquescence at atmospheric RH 
values above 0.7 and the matrix potential of the small pore spaces in the rock (Davila et al. 
2008, Wierzchos et al. 2012). These sources of water are sufficient to sustain photosynthetic 
activity inside the halite (Davila et al. 2013), possibly the last habitable niche before the dry 
limit of life. Figure 12.1 shows visually the three habitable niches in extremely dry envi-
ronments: endoliths in halite from the Atacama, typical desert hypolith from the Mojave 
Desert, and the sandstone endoliths from the Antarctic Dry Valleys.

An interesting aspect of life in dry environments is the apparent link between radia-
tion resistance and dehydration resistance. Such a link has clear implications for Mars 
where water is scarce and radiation is high. It has been established for over three decades 
that desiccation resistance and radiation resistance are correlated. The level of radiation 
tolerated by desiccation-resistant organisms does not occur in their natural environments. 
The nature of the link between desiccation and radiation resistance remains enigmatic 
(Mattimore and Battista 1996, Fredrickson et al. 2004, 2008).

(a) (b)

(c)

FIGURE 12.1 Photosynthesis in the driest environments on Earth occurs inside rocks. Panel (a), 
a green layer of cyanobacteria living just below the surface of halite rocks in the dry core of the 
Atacama Desert. (From Wierzchos, J. et al., Astrobiology, 6(3), 415, 2006.) Panel (b), a typical desert 
hypolith shown in an inverted samples of red-coated, carbonate translucent rocks from the Mojave 
Desert showing green biofilm of cyanobacteria that live beneath the rock. Panel (c), lichen forming 
a green and black layer inside sandstone from the Dry Valleys of Antarctica. (From Friedmann, 
E.I., Science, 215(4536), 1045, 1982.) The scale bar in all images is 1 cm. (Images (a) and (c) are 
 courtesy of J. Wierzchos and E.I. Friedmann, respectively.)
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Cellular damage during radiation has been attributed to the formation of reactive oxy-
gen species, particularly hydroxyl and peroxyl radicals (Nauser et al. 2005), and Daly 
et al. (2007) established a link between oxidative damage and intracellular Mn2+/Fe2+ ratios. 
Mn is a radical scavenger. Iron catalyzes radical formation. Indeed, cells containing high 
Mn are more resistant to radiation than cells with lower Mn. Bacteria with more intracel-
lular iron are more sensitive to ionizing radiation than those with lower iron levels. A key 
insight from studies of radiation tolerance in Deinococcus radiodurans is that Mn2+ plays 
a key role in protecting the proteins needed for repair of radiation damage (Frederickson 
et al. 2008, Daly 2009). Conversely, the presence of Fe2+ causes the production of HO· radi-
cals through Fenton reactions: H2O2 + Fe2+ → Fe3+ + OH− + HO· (Daly 2009). One might 
therefore expect that environments in which organisms must grow in arid conditions—
both hot and cold—would be the natural breeding grounds of radiation-tolerant bacteria.

12.4 COLD LIMIT OF LIFE ON EARTH
If sufficient water is available, then temperature becomes the most serious constraint to life. 
In cold environments, water is available as ice but this poses two problems for use by biol-
ogy. First and obviously, ice is a solid and therefore cannot function as a solution medium 
within cells. Second, ice is dry—its water activity is less than unity. The activity of any pure 
substance is always unity and ice is no exception. The activity, ai, of ice is unity but not the 
activity with respect to liquid water, aw. (Water activity, aw, is defined as the partial pres-
sure of water divided by the saturation pressure of pure water. For vapor, it is equivalent to 
the RH; for saline solutions, it is approximately equivalent to the mole fraction of water in 
the solution.) Figure 12.2 shows a plot of liquid water activity versus temperature. Lines for 
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liquid and solid (ice) are shown. There are two mechanisms that can maintain liquid water 
at temperatures below 0°C: salts that lower the freezing point and films of liquid water that 
form at the boundary between ice and air or between ice and mineral grains. The suppres-
sion of freezing by salt solutions is well known. This is shown in Figure 12.2 in which the 
water activity for saturated solutions is shown as a function of temperature for two salts, 
NaCl—the dominant form of Cl on Earth—and Ca(ClO4)2 thought to be a primary form of 
the perchlorate salt that is the dominant form of Cl on Mars. For both salts, the water activ-
ity of the saturated solution is always less than the value for water at the same temperature. 
From a biological perspective, the advantage of the saline solution is that it remains liquid 
below the freezing point of pure water. When the water activity of the saturated saline solu-
tion intersects the water activity for pure, this defines the eutectic point—the lowest tem-
perature at which the saturated solution remains liquid. For NaCl, this is −22.1°C and for 
Ca(ClO4)2, this is about −70°C. It is an interesting fact, possibly a coincidence, that the curve 
for NaCl nearly defines the lower limit of aw for microbial life at higher temperatures and 
the lowest temperature for which metabolism seems possible. As a rule of thumb, on Earth, 
if environmental temperature and water activity are such that saturated NaCl is liquid, then 
growth is possible. Perhaps, this reflects the adaptation of life on Earth to the dominant 
salt present on Earth. If so, a speculative application of this logic to Mars might suggest 
that life on that planet would have evolved to use the dominant salt there Ca(ClO4)2; thus, 
if environmental temperature and water activity on Mars are such that saturated Ca(ClO4)2 
is liquid, then growth of Martian life is possible. As shown in Figure 12.2, this speculation 
would suggest life at much lower temperature and lower aw than is possible on Earth.

Even in the absence of salt, liquid water can be present below 0°C due to surface effects. 
At the interface between water and air or between water and mineral grains, the edge of 
ice is liquid. The thickness of this layer of unfrozen water decreases from about 15 nm 
at −1.5°C to about 5 nm at −10°C, to less than a molecular layer for temperatures below 
−40°C. The exact size depends on the temperature and curvature (size) of the particles 
(e.g., Anderson 1967, Ostroumov and Siegert 1996, Wettlaufer 2001). This subfreezing sur-
face melt is what makes ice slippery (Rosenberg 2005).

In permafrost at low temperatures, it appears that the diffusion of nutrients, not the 
low temperature, is the main limitation for life. This was suggested by Rivkina et al. 
(2000) based on experiments with Siberian permafrost and was supported theoretically 
by Rohde and Price (2007). Price (2009) presents a comprehensive assessment of limits 
to the survival of microorganisms frozen in ice and permafrost over geological time. 
He concludes that metabolism at low temperatures can be adequate to repair damage 
owing to spontaneous DNA depurination and amino acid racemization, as both rates 
drop rapidly with temperature. He suggests that on Earth (or Mars), microbial survival 
in frozen ice and soil is most likely due to α-particle radiation damage from U and Th. 
His analysis suggests that for a very long survival (longer than a million years), dor-
mant spore formers may be unable to compete, and only cells that are able to repair 
at low temperatures, albeit at a low rate, will remain viable. There is a laboratory work 
that suggests a DNA double strand repair at −15°C (Dieser et al. 2013), and Price (2009) 
argues on theoretical grounds that genetic and macromolecule repair will continue to 
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even lower temperatures. The lower limit to this sort of frozen-zombie-like metabolism 
is not  determined, but any such activity will decrease exponentially with temperature 
following an Arrhenius law (Price 2009). However, the factors that thermally degrade 
biological molecules will also decrease similarly with temperature. The exception to this 
trend is ionizing radiation, which does not decrease with temperature and thus provides 
a lower limit on survival when the repair mechanisms become slower than the radiation 
damage. Smith and McKay (2005) estimate that for Martian permafrost, this may be 
many millions of years. But they also point out that while radiation might cause sufficient 
damage to frozen microorganisms to kill them, it would not destroy all their biomol-
ecules. Therefore, organisms frozen, and dead, in Martian permafrost could be used for 
biochemical and genetic analysis.

Gilichinsky et al. (2005) describe the biodiversity of the indigenous microbial com-
munity in the sodium chloride water brines (cryopegs) left behind 100–120,000 years ago 
in what is now permafrost after the Arctic Ocean regression. Cryopegs remain  liquid 
at the permafrost temperature of −10°C and are thus a stable, permanently subzero, 
saline liquid water environment. From these cryopegs, anaerobic and aerobic, spore-
less and  spore-forming, halotolerant and halophilic, psychrophilic and psychrotrophic 
 bacteria, mycelial fungi, and yeast were isolated and their activity was detected below 0°C 
(Gilichinsky et al. 2005).

It is interesting to note that studies of permafrost find numerous organisms and sub-
freezing activity when the permafrost is organic rich—as is typically the case in the Arctic. 
However, recent studies of the permafrost in University Valley at high elevation in the Dry 
Valleys of Antarctica do not find a corresponding level of organisms or activity in the 
organic-poor permafrost present there even when the temperature regimes are comparable 
(J. Goordial, work in progress).

12.5 CONCLUSION
The use of Earth analogs to guide the search for life on Mars continues. Over the past years, 
focus has intensified on extremely dry and extremely cold environments in the Atacama 
and the Antarctic, respectively. Much has been learned: key conclusions are as follows:

 1. Liquid states can be maintained in permafrost down to −20°C due to salt and the 
physics of thin surface films.

 2. Many diverse microorganisms can survive exposure to arbitrarily cold temperatures, 
can maintain viability over geological times down to −40°C and possibly lower, can 
metabolize to −20°C, and can grow and reproduce down to −15°C.

 3. Microorganisms, and microbial communities, that dominate in cold environments 
are not specifically adapted to the low temperatures and grow better at higher 
temperatures.

 4. In the most extreme of both cold and arid environments, endolithic organisms are 
the principal survivors using the physics of the rock to obtain and hold water.
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Key outstanding questions that remain are as follows:

 1. What is the role of nutrient status in supporting life in cold environments? Organic-
rich permafrost in the Arctic contains a wider diversity of life than the organic-poor 
soils of the upper elevations in the Antarctic.

 2. Why is the most radiation-resistant bacterium D. radiodurans selected in the Yungay 
region of the Atacama?

 3. What is the lowest temperature at which repair mechanisms can maintain viability 
against crustal levels of radiation in permafrost?

 4. On Mars, does Ca(ClO4)2 play an important role in biology? And set the limits to 
temperature and water activity?

 5. Are the remains of endolithic microbial communities present on Mars?
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GLOSSARY
Amino acid racemization: Is the process in which amino acids of one handedness are 

converted to the other handedness.
Antiporters: Are membrane proteins that play a major role in pH and Na(+) homeostasis 

of cells.
Archaea: Constitute a domain or kingdom of single-celled microorganisms.
Arrhenius law: A reaction rate law in which the rate drops exponentially with temperature.
Atacama Desert: Is a coastal desert in the countries of Chile and Peru in South America, 

covering a 1000 km strip of land on the Pacific coast, west of the Andes mountains. 
It is the driest hot desert in the world.

Cryopeg: Is a layer or lens of subsurface liquid brine in permafrost and hence is always 
below 0°C.

Cyanobacteria: Is a phylum of bacteria that obtain their energy through photosynthesis.
Deliquescence: The process by which a substance absorbs moisture from the atmosphere 

until it dissolves in the absorbed water and forms a solution.
DNA depurination: Is the loss of a purine base from the nucleotide.
Endolithic cyanobacteria: Are cyanobacteria that live below the surface of porous rocks.
Eutectic point: Is the temperature that represents the lowest temperature at which a 

 mixture remains liquid.
Halotolerant and halophilic: Microorganisms that can grow in (hyper)saline environ-

ments, but only halophiles specifically require salt.
Hypolithic: Refers to cyanobacteria living under translucent stones.
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Microbiota: A population of microorganisms.
Obligate alkaliphiles: Are organisms that require high pH to survive.
Permafrost: Is soil at or below the freezing point of water 0°C (32°F) for 2 or more years.
Psychrophilic and psychrotrophic: Microorganisms that have the ability to grow at 0°C. 

Psychrotrophic microorganisms have a maximum temperature for growth above 
20°C and are widespread in natural environments and in foods. Psychrophilic 
microorganisms have a maximum temperature for growth at 20°C or below and 
are restricted to permanently cold habitats.

Prokaryotes: Are a group of organisms whose cells lack a membrane-bound nucleus and 
comprise the domains Bacteria and Archaea.

Water activity aw: Is defined as the partial pressure of water divided by the saturation 
pressure of pure water. For vapor, it is equivalent to the RH; for saline solutions, it 
is approximately equivalent to the mole fraction of water in the solution.

REVIEW QUESTIONS
1. What is permafrost? Does life exist in permafrost? If so, which kind of life?

2. What are endolithic organisms? In which kinds of environments are they found?

3. What are cryopegs? How old are they? Which kinds of organisms live there?

4.  Describe the difference between halophilic and halotolerant organisms and psychro-
philic and psychrotrophic.

5. In which ways are the conditions on the Atacama Desert similar to those on Mars?

6.  Sodium chloride is well represented in biology on Earth. Would this be the case for life 
on Mars as well? What are the properties of the salts that matter for life?

7.  Discuss the cold and dry limits of life. Give examples of microorganisms that live at 
such limits.
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13.1 INTRODUCTION
Life on our planet Earth has evolved under the protective blanket of our atmosphere and 
the shield of the geomagnetic field, which hold off most of the hostile parameters of outer 
space thereby providing a clement climate for our biosphere. It is a thin veneer surrounding 
our globe, ranging from about 30 km below the Earth’s surface to an altitude of maximum 
100 km. Using meteorological rockets, fungi and pigmented bacteria were isolated from as 
high as 77 km—the highest altitude microbes have been detected so far. With the advent of 
spaceflight, opportunities arose to send microorganisms and other living beings to outer 
space—in order to study their responses to this unique environment. During human space 
missions, microorganisms are inevitable companions of the astronauts that populate the 
spacecraft and may pose health hazards to the astronauts. Their responses to spaceflight 
need to be known to safeguard astronauts’ health.

13.2 SPACE AS TEST BED FOR STUDIES ON MICROORGANISMS IN SPACE

13.2.1 Environment of Outer Space

Once sent to space, living beings are confronted to an extremely hostile environment 
not experienced on Earth, characterized by an intense radiation field of solar and galac-
tic origin, a high vacuum, and extreme temperatures (Table 13.1). This environment or 
selected parameters of it are the test bed for astrobiological investigations, thereby expos-
ing chemical or biological systems to selected parameters of outer space or defined com-
binations of them.

TABLE 13.1 Parameters of Outer Space of Relevance for Astrobiological Experiments

Space Parameter Interplanetary Space Low Earth Orbit Simulation Facility 

Space vacuum
Pressure (Pa) 10−14 10−7–10−4 10−7–10−4

Residual gas (part/cm−3) 1 104–105 H Different valuesa

104–106 He
103–106 N
103–107 O

Solar electromagnetic radiation
Irradiance (W/m2) Different valuesb 1,360 Different valuesc

Spectral range (nm) Continuum Continuum Different spectrac

Cosmic ionizing radiation
Dose (Gy/year) ≤0.1d 400–10,000e Wide rangec

Temperature (K) >4b Wide rangeb Wide rangec

Microgravity (g) <10−6 10−3–10−6 0–1000
a Depending on pumping system and requirements of the experimenter.
b Varying with orientation and distance to the Sun.
c Depending on the radiation source and filter system.
d Varying with shielding, highest values at mass shielding of 0.15 g/cm2.
e Varying with altitude and shielding, highest values at high altitudes and shield of 0.15 g/cm2.
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13.2.1.1 Radiation Field in Space
In the interplanetary space, the ionizing radiation field consists mainly of two components: 
the solar cosmic radiation (SCR) and the galactic cosmic radiation (GCR). In the vicinity 
of the Earth, a third radiation component is present: the radiation trapped by the Earth’s 
magnetosphere, the so-called van Allen belts. Space radiation has played a decisive role in 
processes of chemical evolution, for example, in the interstellar medium, in comets, and 
in planetary atmospheres. Its biological effects need to be known, when assessing the risks 
for astronauts during long-term exploratory missions and when assessing the likelihood of 
Panspermia, that is, the transport of life forms between planets of our Solar System.

It is important to note that radiation in space is a mixed radiation, composed of particles 
of different masses, charges, and energies. This scenario cannot be simulated by any facil-
ity on ground. The different components of the space radiation field are described in the 
following.

One of the major radiation sources in our Solar System is the Sun itself. A stream of 
charged particles, mainly electrons and protons (hydrogen nuclei), is steadily ejected from 
the upper atmosphere of the Sun. They are called the solar wind. Their energy is relatively 
low, about 1 keV (kilo electron volt). The solar wind creates the heliosphere, which sur-
rounds our Solar System. It produces a magnetic field that partially protects the planets in 
our Solar System from galactic cosmic rays (GCR) impinging from the outside. In addition 
to the continuous solar wind, there are sudden eruptions of high-energy particles. These 
solar particle events (SPE) are composed primarily of protons with a minor component of 
helium nuclei (alpha particles) and an even smaller part of heavy ions and electrons. Their 
energies can reach high values up to GeV.

The second component, the GCR, is a continuous, that is, chronic, component of the 
radiation in space. GCR originate in cataclysmic astronomical events in our Galaxy, such 
as supernova explosions. GCR consist of 98% baryons and 2% electrons. The baryonic com-
ponent is composed of 85% protons, with the remainder being alpha particles (14%) and 
heavier nuclei (about 1%). This latter component comprises the so-called HZE particles 
(particles of High charge Z and high Energy). Their composition is very similar to that of 
the elements of the Universe. They can reach very high energies, up to energies higher than 
1000 GeV. However, they are orders of magnitude less frequent than the SCR particles and 
those of the radiation belts. In our Solar System, the flux of the lower-energy part of GCR, 
that is, of energies below 10,000 MeV, is modulated by the Sun’s magnetic field: it is reduced 
at solar maximum and increased at solar minimum.

Solar wind particles are trapped by the Earth’s magnetic field, thereby forming the radi-
ation belts: the van Allen belts (named after the discoverer of the belts). Two belts of radia-
tion are formed comprising electrons and protons and some heavier particles trapped in 
closed orbits around the Earth. Electrons reach energies of up to 7 MeV and protons up to 
about 200 MeV. The energy of trapped heavy ions is less than 50 MeV.

The surface of the Earth is largely spared from this cosmic radiation due to the deflect-
ing effect of the Earth’s magnetic field and the huge shield of 1000 g/m2 provided by the 
atmosphere. As a consequence, the terrestrial average annual effective dose rate due to cos-
mic rays amounts to 0.30 mGy, which is more than 100 times lower than that experienced 
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in interplanetary space (Table 13.1). In low Earth orbit (LEO), that is, beyond our atmo-
sphere, electrons and protons of the van Allen belts are found in addition to the GCR and 
SCR. Radiation dose rates in the range of 100–800 mGy/year are received.

Our Sun is also the source of electromagnetic radiation. The spectrum of solar 
 electromagnetic radiation spans several orders of magnitude, from short-wavelength X-rays 
(<0.01 nm) to radio frequencies (several m) (Table 13.1). At 1 astronomical unit (AU), that 
is, the mean distance of the Earth from the Sun, the solar irradiance equals to 1366 W/m2, 
the solar constant. Astrobiology is especially interested in the solar extraterrestrial ultravio-
let (UV)  radiation at wavelengths (λ < 290 nm) that do not reach the surface of the Earth due 
to the UV screen of the stratospheric ozone layer.

13.2.1.2 Space Vacuum
In the interplanetary space, vacuum reaches pressures down to 10−14 Pa (Pascal), whereas 
in LEO where most space experiments have been performed, pressures of 10−7–10−4 Pa pre-
vail (Table 13.1). The major constituents of this environment are molecular oxygen and 
nitrogen as well as highly reactive oxygen and nitrogen atoms. In the vicinity of a space-
craft, the pressure increases and varies depending upon the degree of out-gassing from the 
spacecraft. If the pressure reaches values below the vapor pressure of a certain material, the 
material’s surface atoms or molecules vaporize. Vacuum desiccation is the main process 
affecting biological samples exposed to space vacuum.

13.2.1.3 Extreme Temperatures
The temperature of a body in space depends on its position with respect to the Sun and 
other orbiting bodies as well as on its surface, size, mass, and albedo. In LEO, the following 
energy sources are present: solar radiation (1366 W/m2), the Earth’s albedo (480 W/m2), 
and terrestrial radiation (230 W/m2). During a typical 90  min orbit, a spacecraft expe-
riences 60 min of exposure to the Sun and 30 min of darkness, when it moves into the 
Earth’s shadow. As a consequence, in LEO, the temperature of a body can oscillate within 
90 min between extremely high and extremely low values (Table 13.1).

13.2.2 Environmental Conditions of Spaceflight

Within the spacecraft, the inhabitants are protected from most of those hostile parameters 
of space by containment within a space capsule, that is, a pressurized module, and an 
efficient life support system (LSS). In this case, mainly microgravity and radiation are the 
parameters of interest or concern, respectively.

13.2.2.1 Microgravity
Gravity is a permanently acting force resulting from the attraction of two or more bod-
ies of certain masses at a certain distance. It is one of the four fundamental interactions 
of nature and can never be switched off. Gravity is responsible for various phenomena 
observed on Earth and throughout the Universe, such as coalescence of matter to form 
galaxies, stars, and planets in the Universe; it maintains planets in stellar orbit and the 
Moon in Earth orbit. The gravity of a planet gives the acceleration that it imparts to 
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objects on or near its surface. It is dependent on the mass of the planet and is on average 
9.81 m/s2 for the Earth, 3.71 m/s2 for Mars, and 1.62 m/s2 for the Moon.

Although the gravitational attraction decreases with distance from a planet, this effect is 
never sufficient to reach a gravity-free environment by going into Earth orbit. The observed 
reduction of Earth’s gravity during spaceflight is gained by the centrifugal force experi-
enced in a circular orbit around the Earth that compensates Earth’s gravitational attrac-
tion. This condition has been termed microgravity and can reach values of 10−3–10−6g, with 
g being the gravity of the Earth.

13.2.2.2 Cosmic Radiation
Inside the spacecraft, the cosmic radiation field is modified by interactions with shielding 
material provided by the spacecraft wall, by equipment installed inside, and by stored con-
sumables (e.g., water, fuel). Secondary radiation, both charged and uncharged, is also created 
by those interactions. The shielding of the walls of the International Space Station (ISS) has 
an equivalent thickness of 10 g/cm2 of aluminum (compared to 1000 g/cm2 of the Earth 
atmosphere and 5–16 g/cm2 of the Mars atmosphere). The radiation doses inside a space-
craft are difficult to predict, because they vary depending on orbit parameters, flight data, 
and spacecraft shielding. During the Russian space mission MIR (51.5°, 400 km altitude), a 
total dose equivalent rate of 640 µSv/day was measured, and during the Spacelab mission 
D2 (28.5°, 296 km), a total dose equivalent rate of 192 µSv/day was measured. For compari-
son, the dose equivalent rates for the ISS (51.5°, 400 km) are about 20 mSv/month and at the 
surface of the Earth about 3 mSv/year.

13.2.2.3 Closed Cabin Environment
Human exploration of extreme and remote areas, such as space, polar regions, or deep 
sea, requires the provision of confined habitats to protect the crew from the otherwise 
hostile outside. Such confined habitats have restrictions on waste disposal, water, and fresh 
air supply as well as personal hygiene and inevitably generate a particular community of 
microorganisms within the habitat. The main source of those microbial populations is 
the crew themselves (skin, upper respiratory tract, mouth, and gastrointestinal tract); but   
environmental microorganisms were also identified. The airborne bacterial and fungal 
contamination levels were monitored during most space missions. During the occupation 
of the MIR space station (1986–2001), 95% of the air samples contained less than 500 bac-
terial colony-forming units (CFUs)/m3. Occasional increases were due to human exercise. 
A similar result was obtained for the ISS (1998–2005). These data are below the maximal 
concentration of microorganisms (10,000 CFU/100 cm2 for bacteria and 100 CFU/100 cm2 
for fungi) allowed in water/air and on surfaces of the ISS. Staphylococcus and Bacillus spp. 
were found to be the dominant bacterial species in the air aboard the ISS.

In nature, the majority of bacteria form surface-associated microbial communities 
known as biofilms, which often exhibit increased resistance to environmental stress, anti-
biotics, and host defense systems. Abundant biofilms were also found in the MIR space 
station. They were responsible for increased corrosion and a blocked water purification 
system.
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13.3 MICROORGANISMS UNDER SPACEFLIGHT CONDITIONS

13.3.1 Responses to Microgravity

A key concern for human spaceflight, especially for long-term exploratory missions, is how 
microgravity and other aspects of spaceflight affect bacterial growth, physiology, and viru-
lence. Several in-flight studies have reported that the microgravity environment encoun-
tered during spaceflight altered bacterial growth and physiology, leading in certain cases to 
an increase in final cell density, antibiotic resistance, and virulence. While the exact mecha-
nisms of adaptation of microorganisms to microgravity have not yet been fully determined, 
it is suggested that a microbial cell perceives changes in gravity at its surface and trans-
duces the resulting signals to its interior. This phenomenon of transduction of a mechani-
cal force into biological responses, which has been observed also with other physical and 
mechanical forces, for example, changes in osmotic gradients and fluid shear, seems to play 
a remarkable role in microbial gene expression, physiology, and pathogenesis. Hence, the 
proposed gravity-driven cascade of events can be summed up as (1) starting with an altered 
physical force acting on the cell and its environment upon exposure to microgravity (the 
gravity trigger), resulting in (2) reduced extracellular transfer of nutrients and metabolic 
by-products moving toward and away from the cell, which consequently (3) exposes the 
cell to a modified chemical environment, the sum of which ultimately gives rise to (4) an 
observed biological response that differs from what occurs under normal 1 × g conditions.

13.3.2 Responses to Radiation

Radiation interacts with biological matter primarily through ionization and excitation of 
the electrons of its atoms and molecules. There are two alternative ways of radiation dam-
age to biological key substances, such as proteins, nucleic acids (RNA and DNA), and lipids:

• Direct radiation effects occur through direct energy absorption in those molecules.

• Indirect radiation effects occur through interactions of those molecules with radicals 
that are produced by radiation in other molecules, such as water.

The DNA is the most sensitive biological radiation target. The type of its damage is dependent 
on the deposited energy. Because of their highly localized energy deposition, cosmic ray HZE 
particles mainly induce DNA double-strand breaks and even multiple damage, so-called com-
plex or bulk damage. If not efficiently repaired, they may lead to mutations or even cell death.

Whereas the biological damage caused by those HZE particles can be very high, it is difficult 
to localize it because of the very low flux of those particles, for example, 8 or 28 Fe ions/cm2 day, 
depending on the solar activity (data shown for solar maximum or minimum, respectively). 
To understand the ways by which single particles of cosmic radiation interact with biological 
systems, it is necessary to precisely localize the trajectory of an HZE particle relative to the 
biological object and to correlate the physical data of the particle relative to the observed bio-
logical effects along its path. Such effect particle correlations were accomplished by the Biostack 
method, that is, the use of visual track detectors that were sandwiched between layers of bio-
logical objects, such as bacterial spores, plant seeds, shrimp cysts, or insect eggs (Figure 13.1a). 



Microorganisms in Space   ◾   289  

HZE particle

Track

Trajectory

Detector

Detector

Detector

Detector

Detector

Detector

(a)

Biological
foil

Biological
foil

(b)

Biostack
with spores

HZE
exposure

Etching in
NaOH

Micromanipulation Incubation

Impact parameter (μm)
0

0

20

40

60

80

1

Size of
a spore

3

In
ac

tiv
at

ed
 sp

or
es

 (%
)

2 4 >10
Control

(c)

FIGURE 13.1 (a) Biostack concept to determine the biological effects of individual HZE  particles 
of GCR, (b) analysis of Bacillus subtilis spores after spaceflight within the Biostack experiment, 
and (c) fraction of inactivated spores as a function of the distance from the particle track (impact 
parameter); results obtained from the Biostack experiment flown on the Apollo–Soyuz Test mission. 
(Modified from Horneck, G. and Möller, R., BioSpektrum, 17, 262, 2011., With permission.)
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Biostack experiments were flown on several space missions, for example, Apollo 16 and 17, 
Apollo–Soyuz Test Project, Spacelab 1 and D2, and the European EURECA mission. This 
Biostack concept allows

• To localize each HZE particle’s trajectory in relation to the biological specimens

• To investigate the responses of each biological individual hit separately, in regard to 
its radiation effects

• To measure the impact parameter, which is the distance between the particle track 
and the sensitive target

• To determine the physical parameters (charge [Z], energy [E], and linear energy 
transfer [LET])

• To correlate the biological effect with each HZE particle parameters

The responses of a single microbial cell to the passage of a single HZE particle of cosmic 
radiation were studied on spores of the bacterium Bacillus subtilis, which have a mean 
diameter of about 1 μm. Special microscopic techniques were required to identify the 
spores hit by an HZE particle (Figure 13.1a). First, the track detector that carried the 
spore layer was etched under the microscope in a way that the spore side was protected. 
Then the spores in the hit area were removed by micromanipulation and deposited in a 
microincubation chamber where their germination, growth, and formation of a micro-
colony were microscopically monitored. Finally, the fraction of inactivated spores was 
determined as a function of the distance from the particle’s track. Those spores that were 
directly hit by an HZE particle showed a high frequency of inactivation (Figure 13.1b). 
Also, spores that were located farther away from the HZE particle track (about 1–3 μm) 
were inactivated to a certain extent. This far-reaching effect of HZE particles that has 
now been observed in several other biological systems needs also to be considered when 
assessing the radiation risks for astronauts during long-term exploratory missions.

13.3.3 Combined Effects of Radiation and Microgravity

Besides the unique radiation field in space, the cessation of the gravity stimulus to which 
life on Earth has adapted is another important source for biological effects that are inevita-
bly present during spaceflight. In response to microgravity, several essential cellular func-
tions are affected (see Section 13.3.1). Different methods have been used to investigate the 
potential interaction of microgravity and radiation. Examples are the use of a 1g reference 
centrifuge as onboard control. Using the Biostack method (see Section 13.3.1) in combina-
tion with a 1g reference centrifuge permits to differentiate between the individual effects of 
cosmic radiation and microgravity and the interactions of both parameters of spaceflight. 
Another method to study the combined effects of microgravity and radiation is to expose 
biological systems to known quantities and qualities of radiation from an enclosed source 
while in orbit or on ground directly before launch.
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In early space experiments—by use of the Biostack concept in combination with a 1g 
centrifuge—a synergistic effect of microgravity and radiation on embryonic development 
was demonstrated, such as reduced hatching rate, body anomalies, and increased mortality 
during embryogenesis of the stick insect Carausius morosus. Chromosome translocations 
and thorax deformations were observed in larvae and adults of the fruit fly Drosophila mela-
nogaster after exposure of early development stages to 85Sr γ-rays during spaceflight, which 
were not observed in the irradiated concurrent 1g controls. However, so far, synergistic 
interactions of microgravity and radiation were not observed in studies with microorgan-
isms. When the kinetics of several repair pathways were examined in microorganisms that 
were irradiated prior to the space mission, the repair of radiation-induced DNA damage 
occurred in the microgravity environment at the same efficiency as in the 1g centrifuge or 
on ground. This was studied in Escherichia coli cells for the  rejoining of radiation-induced 
DNA strand breaks and the induction of DNA repair processes and in Bacillus subtilis 
cells of different repair capacity for the efficiency of DNA repair. Because microgravity and 
radiation act continuously during spaceflight, further studies are required to understand 
the adaptation of the spacecraft microflora to those spaceflight conditions, in order to safe-
guard human health during long-term exploratory missions.

13.3.4 Adaptation of the Spacecraft Microflora to Spaceflight

This unique environment encountered in space habitats (i.e., close quarters, limited space, 
and recirculation of air) promotes the transmission of the normal flora and potentially 
opportunistic and pathogenic bacteria and viruses. In an orbiting spacecraft, airborne 
microorganisms as well as dust particles do not settle due to the absence of gravity; ther-
modiffusion or electrostatic forces gain in importance. This results in a more persistent 
(bio)aerosol and higher microbial contamination levels in cabin air that require continu-
ous active removal of the aerosols from the air. To keep the microbial levels below the 
thresholds (see Section 13.2.2.3), the air in the ISS is continuously filtered.

The resident flora of the crew is by far the largest microbial reservoir on board. This 
microbial population is further shaped in both diversity and mass by the unique combina-
tion of environmental factors (e.g., restricted hygienic practices, confinement, micrograv-
ity, and radiation). Changes in the composition of the intestinal, oral, and nasal bacterial 
microflora have been noted already after short spaceflights. Two weeks into the confine-
ment imposed by spaceflight led to a significant reduction in the number of bacterial 
species that could be isolated from the intestinal tract as well as an interchange of intes-
tinal bacteria between crew. In the nasal flora of Soviet cosmonauts, the number of non-
pathogenic bacteria was reduced and the number of opportunistic pathogens increased. 
Astronauts aboard the Russian space station MIR indicated that a significant number of 
episodes of microbial infection occurred, including conjunctivitis and acute respiratory 
and dental infections.

To make matters worse, the efficacy of antibiotics is reduced in microgravity, 
and microbial mutation rates increase dramatically (see Section 13.3.1). In addition, 
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the opportunities for bacteria to establish foci of infection are enhanced due to the 
negative impact of space travel on immune functions. These factors will impinge on 
the capacity to treat effectively infections that will doubtless arise during long-term 
exploratory missions.

13.4 MICROORGANISMS IN OUTER SPACE

13.4.1 Likelihood of Panspermia
13.4.1.1 Original Panspermia Hypothesis
Are the planets in our Solar System isolated bodies, or is it possible for some resistant life 
forms to migrate from one planet to another? Of course, with current days’ space technol-
ogy, planetary space probes can provide the vehicle for microorganisms to travel to other 
planets and Moons of our Solar System (this, however, is subjected to strict planetary pro-
tection guidelines, which will be dealt with in Section 13.4.3).

Panspermia, the hypothesis on the transport of life within our Solar System and beyond, 
was first scientifically formulated in 1903 by the Nobel laureate Svante Arrhenius. He was 
impressed by the many dust particles that teem in space between the planets. From this 
observation, he followed that the radiation pressure of the Sun can drive very small par-
ticles of 1–1.5 μm in diameter away from the Sun into the interplanetary space and even 
out of the Solar System. As suitable candidates for this transport, he proposed bacterial 
spores: they are small enough to be transported through space by the radiation pressure of 
the Sun thereby seeding life from one planet to another.

When this Panspermia hypothesis was first published, it received severe criticism, such 
as (1) Panspermia shunts aside the question of the origin of life; (2) Panspermia cannot be 
experimentally tested; and (3) bacterial spores would not survive in the harsh environment 
of space, especially space vacuum and radiation. So, the Panspermia hypothesis was more 
or less forgotten.

13.4.1.2 Experimental Test of the Panspermia Hypothesis
With the advent of space technology, it became possible to send microorganism into space 
and to test their responses to the parameters of outer space, that is, to test the Panspermia 
hypothesis experimentally. This test was performed on spores of Bacillus subtilis that 
were exposed to selected parameters of outer space within the European exposure facility 
Biopan on board of a Russian satellite (Figure 13.2a). These spores are known to be very 
resistant to a variety of physical and chemical stresses, such as heat, intense radiation, 
desiccation, and also chemicals. Biopan was a box equipped with a lid and a bottom part, 
both accommodating biological test samples. During launch and reentry, Biopan was her-
metically closed. Once in orbit, Biopan was opened to allow access of outer space to the 
samples. In the experiment Survival (Figure 13.2b), spores of B. subtilis in dry mono-
layers were exposed to the space environment, including the full spectrum of solar UV 
radiation, space vacuum, and GCR, as well as to selected parameters of space. After sev-
eral space missions, each lasting for 10–15 days, it was clearly shown that nearly 100% of 
the spores survived in space, if they were shielded from solar UV radiation. However, in 
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samples that were Sun-exposed, the survival was reduced by 4–7 orders of magnitude. 
From these relatively short space missions, it became already clear that isolated spores 
will not survive in outer space for extended periods of time, if they are exposed to solar 
extraterrestrial UV radiation. These results falsified the original Panspermia hypothesis 
that suggested a viable transport of single spores through space, driven by the radiation 
pressure of the Sun.

13.4.1.3 Lithopanspermia
The idea of Panspermia received new support after the detection of a group of meteorites 
that have originated from the Moon or from Mars. They prove that natural transport of 
material between the terrestrial planets has frequently occurred in the past. How could 
these rocks be expelled from the Moon or from Mars? The best explanation is that they 
were ejected from their parental body following the impact of a huge comet or meteoroid 
that led to the ejection of a large amount of material. In these highly energetic events, 
most of the material would be heated up to melting temperatures of the rocks. However, 
it was found that some of the Martian meteorites were not heated up very much, by less 
than 100°C. The explanation is the formation of a spall zone at the outer upper regions 
of the impact crater. In this zone, direct and reflected shock waves are interfering, which 
leads to lowered shock pressures and temperatures of the expelled rocks. This new impact– 
ejection-driven scenario has caused a revisiting of Panspermia, which has now been termed 
Lithopanspermia (Panspermia by aid of rocks).

(a) (b)

FIGURE 13.2 Biopan mission of the ESA. (a) Russian satellite Foton with the European exposure 
facility Biopan and (b) Biopan facility opened with the experiment Survival in the lid. Each com-
partment accommodated 108 bacterial spores.
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13.4.1.4 Experimental Tests of Lithopanspermia
It is well known that on Earth, many rocks are inhabited by microorganisms, either in 
their interior (endolithic microbial communities) or on the surface (epilithic communi-
ties, e.g., lichens). The question arises whether such rock-colonizing microorganisms can 
survive (1) the impact and ejection process of Lithopanspermia, (2) a long-lasting journey 
through space, and finally, (3) the capture of its host rock by another planet followed by 
entry and landing on this planet.

The first step of Lithopanspermia, that is, the ejection process, was studied in laboratory 
shock recovery experiments within pressure ranges observed in Martian meteorites (5–50 
GPa) using dry layers of microorganisms (spores of Bacillus subtilis, cells of the endolithic 
cyanobacterium Chroococcidiopsis sp., and thalli and ascocarps of the lichen Xanthoria 
 elegans) sandwiched between gabbro disks (Martian analogue rock). From the results, a 
vital launch window for the ejection and transport of rock-colonizing microorganisms 
from a Mars-like planet was inferred (shock pressures in the range of 5–40 GPa for the 
bacterial spores and the lichens and 5–10 GPa for the cyanobacteria).

Such ejecta may wander irregularly for a long time within the Solar System before 
reaching another planet. This means that the microorganisms within their host rocks 
are confronted with the hostile environment of outer space for extended periods of time 
(see Section 13.2.1). To test this second step of Lithopanspermia, that is, the survival of 
rock-colonizing microorganisms in outer space, the European Space Agency (ESA) 
has provided the Biopan facility on board of the recovery satellite Foton for short-term 
space missions (Figure 13.2a,b) and the EXPOSE facility attached to the ISS (Figure 13.3) 

FIGURE 13.3 EXPOSE facility of the ESA to be attached at the outside of the ISS.
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for long-term missions of more than 1 year. The Biopan results showed that rock- colonizing 
lichens, for example, Rhizocarpon geographicum and X. elegans, still attached to their nat-
ural rock habitat, and the vagrant lichen Aspicilia fruticulosa (now renamed Circinaria 
gyrosa) was extremely resistant to outer space conditions, including the full spectrum of 
solar extraterrestrial electromagnetic radiation. This high resistance of the lichens to space 
that was confirmed by experiments on the 1.5 year lasting EXPOSE-E mission appears to 
be due to their symbiotic nature and protection by their upper pigmented layer, the cortex. 
In contrast, rock- or halite-inhabiting bacteria as well as bacterial spores of B. subtilis were 
severely damaged by exposure to solar extraterrestrial UV radiation. Action spectroscopy 
in space (during the EURECA mission of the ESA) identified DNA as the sensitive target 
for solar UV radiation. Mutations to rifampicin resistance (RifR) that were recovered from 
B. subtilis spores after 1.5 years of exposure to outer space (EXPOSE-E mission) all showed 
a C to T transition and were all localized to one hotspot: H482Y. In contrast, mutations 
isolated from the parallel ground control experiment showed a much wider mutagenic 
spectrum. From the data obtained in space, one can conclude that solar UV radiation is 
the most lethal component of outer space. They demonstrate also the unique mutagenic 
power of space. Therefore, microorganisms (spores) can only survive wandering through 
space if they are shielded against solar UV, for example, by rock material. Finally, GCR 
will become essential, if long  wandering periods (millions of years) are considered. It has 
been calculated from space (e.g., Biostack; see Section 13.3.2) and laboratory experiments 
(e.g., at heavy ion accelerators) that for very long travel times (e.g., millions of years), the 
Lithopanspermia scenario requires at least 1 m of shielding by rock material in order to 
protect microorganisms in their center.

13.4.2 Habitability of Mars

The quest for life on Mars has received increased attention since the development of cur-
rent space exploration programs (see Chapter 14). Mars with a mean distance to the Sun 
of 1.52 AU is located at the outer border of the habitable zone encircling the Sun, which 
is estimated under the premise of the presence of liquid water on the planet’s surface at 
some time during its 4.5 billion years’ lasting history. Compared to our planet Earth, the 
surface of Mars is less protected against solar electromagnetic radiation, GCR, and SCR. 
This is due to its thin atmosphere (600 Pa, 95% CO2), the lack of an ozone screen, and the 
absence of an intrinsic magnetic field. As a consequence, the surface of Mars is exposed 
(1) to solar electromagnetic radiation at wavelengths λ > 200 nm, (2) to the chronic com-
ponent of cosmic rays (GCR and solar wind), as well as (3) to the sporadic component 
(SPE), which all reach the Martian surface nearly unfiltered. This radiation environment 
needs to be taken into consideration when assessing the habitability of Mars but also when 
sending humans to Mars.

To test the habitability of Mars, bacterial spores (Bacillus subtilis and Bacillus pumilus) 
were subjected for 1.5 years to simulated Martian surface conditions during the EXPOSE-E 
mission of the ESA (Figure 13.3). The sealed exposure compartments allowed access of 
cosmic radiation, and they contained a simulated Martian atmosphere of 95% CO2 at 600 
Pa, whereas cutoff filters provided a Martian UV radiation climate (λ > 200 nm). Survival 
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and mutagenesis were determined in these stay on Mars spores after retrieval. It was clearly 
shown that the Martian UV radiation spectrum (λ > 200 nm) was the most deleterious fac-
tor applied; in some samples, only a few survivors were recovered from spores exposed in 
monolayers. Spores in multilayers survived better by several orders of magnitude. All other 
environmental parameters encountered by the stay on Mars spores did little harm to the 
spores, which showed about 50% survival or more (if shielded from solar UV). It was shown 
that the survival of spores on Mars depends largely on the degree of shadowing, such as 
within multilayers or clumps, or hidden in cracks, than on the specific resistance of the bac-
terial strain under investigation. However, in all stay on Mars spores, a high rate of induced 
mutations was found, as tested for mutations to RifR, in those exposed to simulated Martian 
UV radiation (λ > 100 nm) as well as in those shielded from insolation. The data show both 
(1) the high chance of survival of spores on Mars, if protected against solar irradiation, and 
(2) the unique mutagenic power of Martian surface conditions as a consequence of DNA 
injuries induced by solar UV radiation, cosmic radiation, and atmospheric conditions.

13.4.3 Planetary Protection Needs

In 1967, shortly after spaceflight activities had started, the United Nations developed the 
Outer Space Treaty. This is the Treaty on Principles Governing the Activities of States in 
the Exploration and Use of Outer Space, including the Moon and Other Celestial Bodies, 
which has been signed and ratified by practically all spacefaring nations. This treaty is the 
foundation on which recommendations and guidelines of planetary protection are based. 
The current planetary protection guidelines have been developed and are controlled by the 
Committee on Space Research (COSPAR).

The rationale for planetary protection is the supposition that life may not be restricted to 
the Earth but that it could emerge at a certain stage of either cosmic or planetary evolution, 
if the right environmental requirements are given. Therefore, although the Earth is the 
only planet known to harbor life, there might be other habitable or even inhabited celes-
tial bodies in our Solar System or beyond. With space exploration, we possess the tools to 
reach the candidate Moons and planets in our Solar System and to search in situ for signa-
tures of indigenous life, either of fossils (extinct life) or of extant life forms. However, there 
would be the danger that the introduction—by means of orbiters, entry probes, or landing 
vehicles—and possible proliferation of terrestrial life forms on other planets could entirely 
destroy the opportunity to examine the target planets or Moons—and possible indigenous 
life forms—in their pristine conditions.

Planetary protection guidelines take care that the planet or Moon and its environment 
being explored is protected from terrestrial biological contamination; this process is called 
forward contamination prevention.

On the other side, the Earth and its biosphere and the human population need to be 
protected from potential hazards posed by extraterrestrial matter carried on a spacecraft 
returning from another celestial body; this process is called backward contamination 
prevention.

Based on the mission–target combination, different measures are required—up to com-
plete sterilization of the landing device.
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Because bacterial spores are highly resistant to a variety of environmental extremes, 
including the harsh environment of outer space, spore-forming microbes are of particular 
concern in the context of planetary protection. Assuming they are capable of coping with 
the different environmental attacks imposed on them during the transfer to, for example, 
Mars, spores may pose a serious hazard to the in situ life detection experiments and to 
the efforts to maintain the surface of the target planet in pristine condition. Therefore, 
the resistance of bacterial spores has been used as an international standard for planetary 
protection purposes.

In order to test the hardiness of bacterial spores during a hypothetical trip to Mars, 
spores of Bacillus subtilis mounted as dried layers on spacecraft-qualified aluminum cou-
pons were exposed to selected conditions of outer space during the EXPOSE-E mission on 
board of the ISS. After 1.5 years of such a simulated journey to Mars, these trip to Mars 
samples were analyzed after retrieval. If shielded from solar UV radiation, about 50% of 
these dark flight spores of B. subtilis in multilayers survived the 559-day exposure to the 
combined action of cosmic radiation, space vacuum, and temperature fluctuations. If, in 
addition, solar electromagnetic radiation at wavelengths λ ≥ 110 nm was experienced by 
the bacterial spores, they were further inactivated by about 2–3 orders of magnitude. The 
data clearly showed that microorganisms (spores) as blind passengers on a planetary mis-
sion would largely survive the journey if located inside of the satellite or in cracks, thereby 
shielded from solar UV radiation. These data confute the sometimes voiced argument of 
space as a huge sterilization medium, which would render preflight sterilization require-
ments unnecessary.

13.5 SUPPORTIVE GROUND-BASED STUDIES
Because flight opportunities are generally rare, various ground-based devices have been 
designed to simulate certain aspects of outer space or spaceflight. A deeper insight in 
gravity-induced biological phenomena has been obtained by ground-based studies under 
 conditions of hypergravity (by the use of centrifuges) or artificial (simulated) weightless-
ness (by the use of 2-D and 3-D clinostats/random positioning machines and magnetic 
levitation). Planetary and space simulation facilities aimed at mimicking extraterrestrial 
conditions, for example, outer space (vacuum, temperature, radiation), other planetary 
surfaces (atmospheric composition and pressure, temperature fluctuations, radiation), or 
Moons (gas mixture, pressure, low temperature) are valuable instruments in the prepara-
tion of flight experiments (selection of suitable biological or chemical test systems and test-
ing of flight hardware).

13.6 OUTLOOK
In view of the increasing public and political interest in space exploration at a global scale, 
microbiologists will face important tasks in order to realize this ambitious endeavor. In 
the next decades, human spaceflight to Mars, the next reachable planetary body of inter-
est, will become reality and astronauts are likely to spend at least 2–3 years away from 
Earth. Time spent in such extreme environments will result in a diminution of immune 
status and profound changes in the human bacterial microflora. Various factors associated 
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with the spaceflight environment have been shown to potentially compromise the immune 
system of astronauts, increase microbial proliferation and microflora exchange, alter 
virulence, and decrease antibiotic effectiveness. To safeguard astronauts’ health during 
those exploratory missions, studies are needed to effectively eliminate or mitigate those 
adverse effects. Microorganisms will also play an increasing role as active participants in 
regenerative LSSs, including waste and water recycling. Another important task for space 
exploration is the development of efficient planetary protection guidelines and modes of 
their supervision, because the uncontrolled introduction of terrestrial microorganisms on 
another planet might destroy the opportunity to investigate that planet in its pristine con-
ditions and might jeopardize further search-for-life experiments on that celestial body.

GLOSSARY
Apollo: NASA lunar missions.
AU: Astronomical unit (1 AU = the mean distance of the Earth from the Sun).
Biostack: A device to study the biological effects of HZE particles: visual track detectors 

are sandwiched between layers of biological objects.
CFU: Colony-forming unit.
COSPAR: Committee on Space Research.
DNA: Deoxyribonucleic acid.
EURECA: European Retrievable Carrier.
GCR: Galactic cosmic radiation.
HZE particles: Particles of High charge Z and high Energy.
ISS: International Space Station.
LEO: Low Earth orbit.
LET: Linear energy transfer.
MIR: Russian space station.
RifR: Rifampicin resistance.
RNA: Ribonucleic acid.
SCR: Solar cosmic radiation.
SPE: Solar particle events.

REVIEW QUESTIONS
1.  What is the most deleterious parameter of space with regard to microorganisms exposed 

to it?

2.  What are the effects of the UV radiation (extraterrestrial and terrestrial) on living 
systems? Describe the physical, chemical, and biological interactions and the spectral 
dependence of the effects.

3.  What is the difference between the Panspermia hypothesis and the Lithopanspermia 
scenario? Describe the different steps of Lithopanspermia.

4.  Describe the interaction between the Earth magnetosphere and the incoming GCR and 
the radiation originating in the Sun.
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5. Why is Mars thought to be a possible place to search for life?

6.  Give reasons, scientific and ethical ones, that request protection of the planets of our 
Solar System and justify them.
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C h a p t e r  14

Search for Life on Mars
An Astrogeological Approach

Jesús Martínez-Frías

14.1 INTRODUCTION
The detection of extraterrestrial life would be one of the most amazing discoveries of 
humankind. The unequivocal confirmation of the existence of life beyond Earth would 
shake up our view of humanity’s place in the cosmos with exciting scientific and social–
cultural implications. It would be, without any doubt, an exceptional success in our 
understanding of nature and the universe. One of the main features of astrobiology is its 
multidisciplinarity (in fact transdisciplinarity) (Soffen, 1997; Cockell, 2001; Lunine, 2005). 
The Earth and planetary geosciences and astrogeological studies are proving to be of great 
help if not crucial in facing the challenging and fascinating questions of whether or not 
Earth’s life is unique and the links between life on Earth and the potential life on other 
planets. The NASA’s Astrobiology Roadmap (Des Marais et al., 2008) contains three rel-
evant questions: (1) How does life begin and evolve? (2) Does life exist elsewhere in the 
universe? (3) And what is the future of life on Earth and beyond? To address these ques-
tions, which are extremely complex, a crosscutting approach is required. We start from an 
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institutional point of view and address the foundation of planetary geology (also known 
as astrogeology), which took place in 1961 by Eugene Shoemaker within the United States 
Geological Survey (USGS). This is shown in Figure 14.1.

Since then, planetary geology has been providing essential scientific information for 
addressing the aforementioned questions. These comprise (Martínez-Frías, 2009) the 
 following, among other issues:

 1. The study of the mineralogical and geochemical characteristics of asteroidal, lunar, 
and Martian meteorites.

 2. The characterization of impact events and craterization processes.

 3. The application of principles and techniques of geology and geosciences in planetary 
missions to the study of solid bodies.

 4. The classification and comparative analysis of terrestrial analogs.

 5. Theoretical modeling and experimental simulation in special planetary chambers.

FIGURE 14.1 Eugene Shoemaker (1928–1997), renowned both as a geologist and an astronomer 
and a member of the Board of Directors of The Spaceguard Foundation. He is considered the father 
of astrogeology. The Near Earth Asteroid Rendezvous space probe was renamed NEAR Shoemaker 
in his honor. (Photo courtesy of USGS.)
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 6. Planetary protection issues and the consideration of geoeducational and geoethi-
cal approaches. Mars exploration and research represents an excellent example 
for  illustrating how to move forward and for the importance of considering this 
 astrogeological perspective.

14.2 PLANETARY GEOLOGY (OR ASTROGEOLOGY)
Science and scientific disciplines are in permanent evolution. This dynamic factor is deci-
sive in itself as it determines the progress and adaptability of contents as well as the way of 
focusing new research studies. This was also the case, more than 40 years ago, for geology 
evolving toward planetary geology or astrogeology.

14.2.1 Definition and General Overview

Although a standard definition of planetary geology (or astrogeology) does not exist, prob-
ably the best characterization of this geoscientific subdiscipline came from the Arizona 
State University, one of the most significant institutions with the world’s highest tradition 
in this field. It is the place where the term astrogeology was proposed for the first time 
by Eugene Shoemaker (Figure 14.1). Planetary geology aims to study, at many different 
scales, the origin, evolution, and distribution of the condensed matter in the universe in 
the form of planets, satellites, asteroids, comets, and particles of different sizes and genesis. 
It  involves the incorporation of results from spacecraft data analyses, laboratory simu-
lations of various planetary processes, and field studies of features on Earth analogous 
to extraterrestrial features. This definition mostly agrees with the scientific guidelines of 
the USGS Astrogeology Research Program (Martínez-Frías and Hochberg, 2007). At pres-
ent, there is a great variety of astrogeological aspects that connect this discipline with 
astrobiology. However, in the beginning, the main goals for its launching and develop-
ment were very different. In a way, they were associated with the issues of habitability. The 
Astrogeology Research Program (Schaber, 2005) started out as the Astrogeologic Studies 
Group at the USGS Center in Menlo Park, CA. Later on, in 1962, it was moved to Flagstaff, 
Arizona. In accordance with Beattie (2001) and ABOR-NAU (2010),

this is the real moment that The Astrogeology Research Program started, when 
USGS and NASA scientists transformed the northern Arizona landscape into a 
 re-creation of the Moon… Using the cinder cones and craters scattered around 
northern Arizona as models, USGS and NASA scientists, including Eugene 
Shoemaker, taught astronauts about geologic features and lunar formations… The 
training gave them the skills essential for the first successful manned missions to 
the Moon.

The majority of studies and topics of research covered by planetary geology fall into 
the United Nations Educational, Scientific and Cultural Organization (UNESCO) field 
(code  25) “Earth and Space Sciences,” and mainly geologists and geoscientists are the 
researchers involved in this type of geological activities (Martínez-Frías and Hochberg, 
2007). However, planetary geology only appears, misplaced and poorly represented as a 
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UNESCO system subdiscipline, in the field of “Astronomy and Astrophysics” (code 21), 
with the code 2104.4—“Planetary Geology”—whereas somewhat surprisingly, it does not 
appear in the field of “Earth and Space Sciences” (code 25). This obliges both geologists 
and geoscientists (mainly geochemists, geophysicists, and geobiologists) working in plan-
etary sciences, to incorporate their scientific studies either in the field of “Astronomy and 
Astrophysics” or within the rather ambiguous box of “Other” (code 2512.99), in the field of 
“Earth and Space Sciences.” In short, the current UNESCO classification does not match 
the actual reality of planetary geology.

But, what is the real scientific scenario telling us about this? Does everything related 
to space fall within the disciplinary framework of “Astronomy and Astrophysics”? Is 
Mars exploration and research an astronomic/astrophysical subject? A detailed search in 
the Scientific Thomson Reuters’ Web of Science (WoS) database for papers published in 
the period 1900–2013 yields 361 records for articles including the keywords “Mars and 
Physics” (123 in the WoS category of “Astronomy and Astrophysics,” 71 in “Geoscience 
Multidisciplinary,” and 50 in “Meteorology and Atmospheric Sciences”). If we combine 
the keywords “Mars and Geology,” the results are 426 records (146 for the WoS cate-
gory of “Geochemistry and Geophysics,” 138 for “Astronomy and Astrophysics,” and 84 
for “Geoscience Multidisciplinary”). The number of records increases for the keywords 
“Mars and Chemistry” (893 publications; 271 in the WoS category of “Geochemistry 
and Geophysics,” 267 in “Astronomy and Astrophysics,” and 144 in “Geosciences 
Multidisciplinary”). The combination of Mars and Biology yields only 280 records. 
Despite the relative youth of astrobiology, there are already 447 records for “Mars and 
Astrobiology” in the WoS database (280 for the category of “Astronomy and Astrophysics,” 
139 for “Geosciences Multidisciplinary,” and 124 for “Biology”).

Thus, independently from this systematic anomaly in the UNESCO classification, in the 
real world, time scientific and technological research and exploration are what they are, 
and they are putting things in place. Most lunar and Mars missions are not purely astro-
nomic or astrophysical endeavors but are real astrogeological missions in the original and 
foundational sense of Shoemaker.

14.3  PLANETARY GEOLOGY (OR ASTROGEOLOGY) 
IN THE NASA ASTROBIOLOGY INSTITUTE ROADMAP

As previously defined, the NASA’s Astrobiology Roadmap (Des Marais et al., 2008) faces 
three basic questions (Section 14.1). These complex questions are incorporated into a 
series of 10 science goals and 17 more specific science objectives and are stressing 4 prin-
ciples that are essential to the operation of the astrobiology program. Planetary geology 
studies are implicit in practically all of them. In short, the goals are the following:

• Goal 1: Understand how life arose on Earth.

• Goal 2: Determine the general principles governing the organization of matter into 
living systems.

• Goal 3: Explore how life evolves on the molecular, organism, and ecosystem levels.
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• Goal 4: Determine how the terrestrial biosphere has coevolved with the Earth.

• Goal 5: Establish limits for life in environments that provide analogs for conditions 
on other worlds.

• Goal 6: Determine what makes a planet habitable and how common these worlds are 
in the universe.

• Goal 7: Determine how to recognize the signature of life on other worlds.

• Goal 8: Determine whether there is (or once was) life elsewhere in our solar system, 
particularly on Mars and Europa.

• Goal 9: Determine how ecosystems respond to environmental change on timescales 
relevant to human life on Earth.

• Goal 10: Understand the response of terrestrial life to conditions in space or on other 
planets.

Goals 1–4 match with the first question, as it follows. If we want to understand the first 
question, namely, how life arose on Earth, there are many geological and  astrogeological 
aspects that are clearly involved: (a) to carry out mineralogical and geochemical studies 
of meteorites and how their inorganic and organic compounds (and even impacts per se) 
played a role in the early Earth processes (Wallis and Wickramasinghe, 1995; Melosh, 
2003; Cockell, 2006; Pontefracti et al., 2012), (b) to evaluate the degasification processes 
of the Earth’s mantle (Ozima and Zahnle, 1993) and how active were the interactions of 
the pristine atmosphere–lithosphere, (c) to determine which geological environments 
( hydrothermal, deep sea, shallow marine, lacustrine, etc.) were the most favorable for the 
origin of life (Rotchschild and Mancinelli, 2001), (d) to evaluate if some specific volcanic 
types (e.g., komatiites) (Nna-Mvondo and Martínez-Frías, 2007) were more suitable for life 
origin, and (e) to understand how are organic compounds and minerals/rocks interrelated 
(considering both physical and chemical mineral processes), among others (Novoselov 
et al., 2013). All these geological issues have also to be taken into account in the  framework 
of the origin of life, its main principles ruling the organization of matter, the evolution of 
organisms in the different ecosystems, and the course of action of biogeological coevolution.

The second question about the possible existence of life in the universe is covered by 
goals 5–8. Regarding the establishment of the limits for life environments that can be used 
as analogs for planetary exploration, geology is providing the most significant markers 
from the study of different terrestrial settings. It appears appropriate here to define the 
concept of geomarker and its relation to biomarker. A fundamental problem related to the 
paleoenvironmental study of early Earth rocks and minerals and astrobiological explora-
tion of planetary materials (e.g., asteroidal and Mars meteorites, Martian rocks) is not only 
recognizing and quantifying carbon-related compounds that may be present but also differ-
entiating those molecules formed abiotically from those generated by extinct or extant life. 
Only through the combination of biomarkers and geomarkers (Martínez-Frías et al., 2007) 
will we be able to understand the global framework. Biological markers or biomarkers are 
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molecular fossils and are defined as “complex organic compounds, which originated from 
formerly living organisms and which are composed of carbon, hydrogen, and other ele-
ments. Abiotic organic compounds are not biomarkers per se because they do not originate 
from biosynthesis” (Simoneit, 2004). So, a particular mineral (e.g., magnetite, jarosite) (see 
Figure 14.2), a biologically related isotopic signature, and the presence of oxygen or water 
in a planet’s atmosphere are not biomarkers, and the term is currently misused in many 
articles including geomicrobiology and astrobiology and also in exoplanetary research.

A definition of the term geomarker was proposed by Martínez-Frías et al. (2007). 
Geomarkers can be defined as any geological (i.e., mineralogical, geochemical, metallo-
genetic, sedimentological, petrological, tectonic) feature or set of features, which can be 
used as proxy indicators of the physical, chemical, and/or biological characteristics of the 
environment in which they occur, and/or of the processes that formed them. The investiga-
tion of Earth analogs, mainly connecting chemistry, geomicrobiology, and mineralogy, is 
being very successful to be optimistic about the robustness of life by the incorporation in 
the payloads of planetary missions of the science grounds connecting geo- and biomarkers 
from different terrestrial environments.

Likewise, in order to determine what makes a planet habitable and how common 
these worlds are in the universe, planetary geology is also proving to be of great impor-
tance. Intrinsically linked to the site in which the planet occupies in relation to the Sun 
(habitability zone) and the own geological features of our planet, many works have also 
stressed the  plausible essential connection between the potential existence of life (or at 
least  favorable habitability conditions) and the geological vitality of planetary bodies. 
There are several indicators. For instance, the geological study of the craterization index 
of planets, as shown in Figure 14.3, is serving as guide to date planetary surfaces (and to 

Ba

Ba

Ba Jr

Sd

Sd

2 cm

FIGURE 14.2 Jarosite patches from the Jaroso area (Jaroso Hydrothermal System), Sierra Almagrera 
(Spain). Various paragenetic stages are represented in the sample. Jr, jarosite; Sd, siderite; Ba, barite.
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determine their internal energy that makes them capable of remodeling their surface) 
(Melosh, 1989; Holsapple, 1993; Collins et al., 2013).

Similarly, the existence of planetary geodynamic activity (plate tectonics, volcanism, 
hydrothermalism, etc.) is also important (considering a terrestrial approach). In particular, 
plate tectonics has been defined as a global catalyzer able to originate, modify, destroy, and 
rebuild sites for life to rise in and evolve in different environmental scenarios and at different 
temporal scales (Miller and Bada, 1988; Nisbet and Sleep, 2001; Condie, 2005). These factors 
are very important and need to be connected to goals 7 and 8. In order to find out how to rec-
ognize the signature of life on other worlds, we need first to be able to do it here, on our own 
planet. In addition, we need to define the signature of life criteria to proceed with the relevant 
exploration of Mars, Europa, Titan, or beyond, perhaps in other planetary systems. Finally, 
regarding the question about the life’s future on Earth and beyond, NASA proposes goals 9 
and 10. Goal 9 refers to the capability of response of ecosystems to environmental changes 
and to the need for understanding the response of terrestrial life to conditions in space or 
on other planets. Goal 10 is to understand the response of terrestrial life to space conditions. 
In both cases, biogeosciences are vital for considering not only by bio- and geointeractions 
at different levels but also by assessing the robustness of life under the harsh conditions in 
space of other planets, by well-designed experiments in low orbit and in planetary chambers.

Principle 1 refers to the multidisciplinary approach of astrobiology. In this sense, 
astrogeology could be considered as a redundancy, as it is also a multidisciplinary field 
in the framework of Earth and planetary sciences, covering topics from meteorites to 
planets; geological, mineralogical, geochemical, and metallogenetic studies of rock 

FIGURE 14.3 Saturn’s moon, Phoebe. Small planetary bodies do not have energy to reshape 
their surface. The image was taken from around 19,000 miles out from this 137 mile wide moon. 
(Courtesy of NASA/ESA/JPL/SSI.)
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outcrops at different scales; atmosphere–lithosphere interactions; and planetary sur-
face and underground processes, among others.

Principle 2 is related to planetary stewardship. This principle is well focused on bio-
logical contamination and ethical issues surrounding the export of terrestrial life to other 
planets. Recently, it has also been applied for consideration of the significance of geoethics 
(Martinez-Frías et al., 2011) and the need of having an appropriate astrogeological exper-
tise in any bio- and geolinks associated with planetary protection issues (Rummel et al., 
2002) (regarding scientific guidelines, protocols, and methodologies).

Principle 3 has a more societal character in connection with the search for extrater-
restrial life and the adaptation of life to live on other worlds. Here, it is important to note 
how planetary geology is being incorporated to the classical search for the extraterrestrial 
intelligence (SETI) search issues, in the framework of the global concept of habitability, 
considering different planetary environments and geoethical approaches and also carrying 
out selected geobiological experiments and planetary environment simulations to test the 
robustness of life in extreme environments.

Finally, principle 4 refers to the significance of education and public outreach. In this 
context, planetary geoeducation is intrinsically linked to it, and one of the main lessons 
learned from astrogeology is the need for an appropriate combination of the biological and 
geological approaches to understand the coevolution of our planet.

14.4  SOME SELECTED DATA REGARDING 
PLANETARY GEOLOGY SUBJECTS

The study of extraterrestrial matter (mainly the mineralogical and geochemical investi-
gation of meteorites and their impact events) and Mars exploration and research are two 
hot topics in the framework of astrobiology-related planetary geology studies. Meteorites 
(in particular undifferentiated meteorites) are extremely important to establish the fea-
tures of the pristine matter, which contributed to the origin of our planet (and also to 
the origin of life). Likewise, meteorite impacts have marked the geobiological evolu-
tion of our planet (modifying the geological and atmospheric environments at different 
levels and scales and taking part, at least partially, in the extinction of some species). 
Mars is probably considered the hottest topic not only as the first astrobiological target 
but also as a fundamental planet to do comparative planetology and to understand the 
origin and evolution of terrestrial planets. In regard to these topics, a detailed search 
in the Scientific Thomson Reuters’ WoS database for papers published in the period 
1900–2013 shows that a combination of the terms meteorites and astrobiology is reflected 
in 166 records. The maximum value is assigned to the WoS category of “Astronomy and 
Astrophysics” (69%). The geoscientific WoS categories of “Geoscience Multidisciplinary” 
and “Geochemistry Geophysics” include 64 articles, which correspond to 39% of the whole 
contributions. The main three journals are Astrobiology (18 records), Icarus (14 records), 
and Astrophysical Journal (9  records); the geological topics are mainly included in the 
Astrobiology articles. If the keyword combination involves the term meteorites and life, 
the WoS database indicates more than 1000  records (1032 records). The WoS category 
of “Astronomy and Astrophysics” is again on the top position, with 374 records (36%), 
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and the categories of “Geochemistry Geophysics” and “Geosciences Multidisciplinary” 
display a slight proportional decrease in the number of records (386 records; 37%). In 
this case, the top three journals are Astrobiology (62 records), Meteoritics and Planetary 
Science (58  records), and Geochimica and Cosmochimica Acta (50 records). The geosci-
entific topics are much more diversified and are distributed in these three journals. As 
previously stated, the combination of the terms Mars and  astrobiology yields more than 
400 records (447 records). Planetary geology studies are well represented in the WoS cat-
egory of “Geoscience Multidisciplinary” in the second position, with 139 records, after 
the category of “Astronomy and Astrophysics” (280 records). The two most significant 
journals are Astrobiology (64 records) and Icarus (50 records). Three most active coun-
tries reporting on both subjects are the United States (298 records), the United Kingdom 
(94 records), and Spain (47 records). The combination of the keywords Mars and life indi-
cates a significantly higher number of results (2913 records) and a different distribution 
in which planetary geology also appears represented in the second position in the context 
of the WoS category of “Geosciences Multidisciplinary” (577 records), after the first posi-
tion that is occupied by “Astronomy and Astrophysics” (986 records). In this case, the two 
most significant journals are Astrobiology (208 records) and Planetary and Space Sciences 
(132 records), and the three most active countries are the United States (1453 records), the 
United Kingdom (337 records), and France (241 records). Finally, the combination of the 
terms Mars and analog yields more than 1000 records (1147 records), in which the plan-
etary geology studies are represented in the second and third positions by the WoS cat-
egories of “Geochemistry Geophysics” and “Geosciences Multidisciplinary” with 251 and 
239 records, respectively. Regarding the scientific journals, the two most important are 
Journal of Geophysical Research Planets (137 records) and Icarus (126 records), in which 
the United States (703 records) and the United Kingdom (136 records) represent the most 
active countries.

14.5 MARS’ ASTROBIOLOGY: MAIN ASTROGEOLOGICAL SOURCES
There are three main sources of information to learn about and investigate Mars’ astro-
geology: (1) Martian meteorites, (2) Mars missions, and (3) Mars analogs. Scientific and 
technological studies combining these sources are providing us with a general panorama 
of the red planet and are helping us in advancing the knowledge about Mars and are also 
enabling us to foresee future exploration and research steps. We should not neglect or 
underestimate the significance of planetary (Mars) simulation chambers, which are new 
tools for emulating different types of planetary processes.

14.5.1 Martian Meteorites

In the same way that it is possible to differentiate terrestrial rocks from meteorites, there 
are also mineralogical and geochemical (mainly isotopic) criteria to determine if meteor-
ites come from asteroids, the Moon, or Mars. Here, a very brief overview about the Martian 
meteorites is presented. Further and much more detailed information can be found in 
Bogard and Johnson (1983), Bogard et al. (1984), Smith et al. (1984), Treiman (1995), 
Nyquist et al. (2001), Beck et al. (2005), and Treiman (2005), among others.
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The geochemical study, by the early 1980s, of various trapped gases in the EETA79001 
meteorite (see Figure 14.4) provided evidence that they looked like those in the Martian 
atmosphere as analyzed by Viking.

Treiman et al. (2000) carried out an in-depth study of a group of Martian meteorites, 
so-called shergottites, nakhlites, and chassignites (SNCs), and stated that “there seems 
little likelihood that the SNCs are not from Mars. If they were from another planetary 
body, it would have to be substantially identical to Mars as it now is understood.” In 
accordance with the Meteoritical Bulletin, there are 46,546 valid meteorite names and 
10,723 provisional names. Of them, only 125 specimens are classified as Martian mete-
orites (October 8, 2013). Annual expeditions to Antarctica since 1975 by Japanese, the 
United States, and more recently Chinese government–sponsored teams have resulted 
in a steady increase in the number of Martian specimens. Nowadays, we know very 
well that Martian (SNC) group of meteorites are significantly different from most other 
 meteorite types.

Shergottites are named after the Shergotty achondrite, which fell in Sherghati (India) 
in 1865. They represent the most abundant type of Martian meteorites. Shergottites are 
igneous rocks of volcanic or plutonic origin, and they look like the classical terrestrial 
material. They appear to have crystallized as recently as 180 million years ago, and they 
typically  display evidence of severe shock metamorphism. In general, the plagioclase 
in shergottites has been transformed into maskelynite, a glass that is formed when pla-
gioclase is subjected to shock pressures of at least 30 GPa. Based upon their mineral 
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FIGURE 14.4 This meteorite, which originally weighed nearly 8 kg, provided the first strong proof 
that meteorites could come from Mars. EETA79001 is an achondrite meteorite, a basalt lava rock 
nearly identical to many Earth rocks.
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compositions, the shergottites are further (and broadly) subdivided into two distinct 
 subgroups: the basaltic subgroup and the lherzolitic subgroup.

Nakhlites are named after the Nakhla achondrite, which fell in El-Nakhla, Alexandria, 
Egypt, in 1911. In accordance with Treiman (2005), nakhlites basically consist of  euhedral 
to subhedral crystals of augite and olivine (to 1  cm long) in fine-grained mesostases. 
They formed in flows or shallow intrusions of basaltic magma on Mars about 1.3 billion 
years ago.

Chassignites are named after the Chassigny meteorite, which fell at Chassigny, Haute-
Marne, France, in 1815. Basically, they consist of about 90% Fe-rich olivine, minor 
clinopyroxene, plagioclase, chromite, melt inclusions, and other accessory minerals and 
phases. There has been only one other chassignite recovered, named Northwest Africa 
(NWA) 2737. NWA 2737 was found in Morocco or Western Sahara in August 2000. Beck 
et al. (2005) indicated that its “mineralogy, major and trace element chemistry as well 
as oxygen isotopes revealed an unambiguous Martian origin and strong affinities with 
Chassigny.”

There exists another group of Martian meteorite that is represented by the famous spec-
imen Allan Hills 84001: an orthopyroxenite (OPX Martian meteorite) (see Figure 14.5).

ALH84001 received much attention from the astrobiological point of view, as it was 
the meteorite causing all of the excitement about life possibly existing on Mars (McKay 
et al., 1996). This meteorite was the first meteorite found by the Antarctic team in 1984, 

FIGURE 14.5 ALH84001 is a cumulate rock consisting of 97% coarse-grained, Mg-rich orthopy-
roxene, with small amounts of plagioclase, chromite, and carbonate. It was initially classified as a 
diogenite; however, the presence of oxidized Fe in chromite led to its reclassification as a Martian 
meteorite. This is the meteorite causing all of the excitement about life possibly existing on Mars. 
(Courtesy of NASA.)
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and it was initially identified as a diogenite, a singular type of achondrite meteorite. It was 
not until October 1993 that David Mittlefehldt (Astromaterials Research Office, NASA/
Johnson Space Center) detected the error and properly identified it as an SNC. Recently 
(January 3, 2013), NASA reported that meteorite NWA 7034 (nicknamed “Black Beauty”) 
was determined to be from Mars and found to contain 10 times the amount of water as any 
other Mars meteorites found on Earth. The rock quickly attracted special attention. This 
was well explained and synthesized by Amy Tikkanen:

a research team was assembled with McKay as its leader. The study, which took more 
than two years, revealed several peculiarities. First was the presence of  polycyclic 
aromatic hydrocarbons (PAHs). While these organic compounds are common-
place, found throughout the solar system, the PAHs in the meteorite were unusual 
in appearance, resembling the type that result from the decay of organic matter. 
The presence of the molecules within the rock and their absence on its surface ruled 
out Earth contamination. The team also discovered carbonate globules, which are 
closely associated with bacteria found on Earth. Moreover, iron sulfides and magne-
tite were present. These compounds, which are so small that one billion of them can 
fit on the head of a pin, do not usually coexist. Certain bacteria, however, synthesize 
them simultaneously. These discoveries, published by McKay and his co-workers in 
the journal Science, indicated the possibility of ancient life on Mars. While the news 
generated a flurry of debate, McKay stressed that the findings were not definitive 
proof and that further research was planned.

TIKKANEN (2010)

There is a paragraph in The Telegraph obituary of Prof. David Mackay that describes very 
well the significance of the McKay study about ALH84001 and astrobiology. It says:

While final resolution of the dispute will probably have to await Nasa’s “Mars 
Sample Return” project in the late 2020s, McKay’s announcement in 1996 gave 
a welcome boost to the agency’s plans for missions to Mars. It also prompted the 
establishment of an Astrobiology Institute which investigates signs of life in extreme 
 environments – in space and on Earth.

THE TELEGRAPH (2013)

14.5.2 Mars Missions

Due to the space limitations, we cannot describe here in detail all Mars missions connected 
with planetary geology and astrobiological issues. Mars missions (NASA, 2013) are numer-
ous, and they range from the first flyby in 1960 that ended in failure (Korabl4, USSR) to 
the successful and currently active Mars Science Laboratory (MSL) (United States). Some 
specific missions are listed here. Flyby missions include Mariner 3–4 and Mariner 6–7. 
Orbital missions (Orbiters) include Mariner 8–9, Viking 1–2, Mars Observer, Mars Global 
Surveyor, Mars Climate Orbiter, 2001 Mars Odyssey, Mars Express, Mars Reconnaissance 
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Orbiter, and the planned NASA 2016 ExoMars Orbiter. Landers and Rovers include Viking 
1–2, Pathfinder, Polar Lander/Deep Space 2, Mars Exploration Rovers, Phoenix, MSL, and 
planned NASA 2018 ExoMars Rover and 2020 Mission Plans. In addition, future plans 
include also missions airplanes and balloons, subsurface  explorers, and sample returns.

In the same way as in the previous chapter, it appears appropriate to highlight some his-
torical aspects for their crucial and emblematic significance linked to the search for life on 
Mars and astrogeological subjects (mainly with reference to the geochemical characteriza-
tion of the Martian regolith). Of all the Mars missions, the two Viking spacecrafts, shown 
in Figure 14.6, were probably the most decisively related to biology (astrobiology).

Each of Viking spacecrafts carried four types of biological experiments to the surface 
of Mars. They were the first Mars landers to perform biogeochemical tests to search for 
biomarkers on Mars. The following four experiments were (1) gas chromatograph–mass 
spectrometer, (2) gas exchange, (3) labeled release (LR), and (4) pyrolytic release. The 
LR experiment is probably the one that provided the most guarantee for astrobiology. 
Martian regolith was inoculated with a drop of very dilute aqueous nutrient solution. The 
nutrients (seven molecules that were Miller–Urey products, such as some amino acids 
that can be formed under prebiotic conditions from simple gases and energy sources 
such as an electrical spark) were tagged with radioactive 14C. The air above the soil was 
monitored for the evolution of 14CO2 gas as evidence that possible microorganisms in the 
Martian soil had successfully metabolized the nutrients (Klein et al., 1976; Brown et al., 
1978). According to NASA, “the only organic chemicals identified when the Viking land-
ers heated samples of Martian soil were chloromethane and dichloromethane—chlorine 

FIGURE 14.6 Viking 1 lander. It carried instruments to achieve the primary scientific objectives of 
the lander mission: to study the biology, chemical composition (organic and inorganic), meteorol-
ogy, seismology, magnetic properties, appearance, and physical properties of the Martian surface 
and atmosphere. (Courtesy of NASA.)
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compounds interpreted at the time as likely contaminants from cleaning fluids.” Further 
information can be found in NASA-SP4212.

Later on, on August 2008, the Phoenix lander detected perchlorate (Hecht et al., 2009), 
a  strong oxidizer when heated above 200°C. Perchlorates can destroy organics when 
heated and generate chloromethane and dichloromethane as by-products. These are the 
same chlorine compounds detected by both Viking landers. Given that perchlorate would 
have broken down any Martian organics, the question regarding the organic compounds 
is still wide open, something which, in fact, had already been highlighted before (Navarro-
Gonzalez et al., 2006; Biemman, 2007). Very recently, the rover Curiosity’s instruments 
(see Figure 14.7) found water, sulfur, and chlorine-containing compounds, including 
 chlorinated methane gas.

According to the authors who analyzed the results of the Curiosity mission so far (Glavin 
et al., 2013), the origin of the chlorine species is certainly from Mars; however, the source 
of organics needed for the production of chlorinated organics is still unknown. Likewise, 
the presence of chloromethanes is tentatively thought to be a signature of perchlorates in 
the Martian soil.

This amazing and still controversial astrobiological subject links the first Viking experi-
ments to the most recent Curiosity results. There are additional benefits of these and other 
Mars missions, since they have provided us with a very good scientific panorama about 
Mars and its general geological evolution. This is particularly important with regard to 
its past wet environment and water-related geomorphological features (fluvial and deltaic 
systems, lakes, gullies, etc.). Water-related minerals (gypsum, jarosite, clay minerals, etc.) 

FIGURE 14.7 MSL (Curiosity) rover. The image was taken on May 26, 2011, in the Spacecraft 
Assembly Facility at NASA’s Jet Propulsion Laboratory in Pasadena, California. Curiosity has a 
mass of 899 kg including 80 kg of scientific instruments. The rover is 2.9 m long by 2.7 m wide by 
2.2 m high. The main scientific goals of the MSL mission are to help determine whether Mars could 
ever have supported life, as well as determining the role of water, and to study the climate and geol-
ogy of Mars. (Courtesy of NASA.)
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are being currently used as geomarkers to understand the Martian paleoenvironments. 
This is shown in Figure 14.8 for Mars water search.

The geological, mineralogical, and geochemical characterization and study of these 
paleoenvironments and their habitability conditions have also benefited from the multi-
disciplinary study of Mars analogs.

14.6 MARS ANALOGS
So far, we do not know of a place on Earth that is truly like Mars. Nevertheless, it is pos-
sible to identify sites on our planet where environmental conditions (geology, tectonics, 
mineralogy, hydrothermalism, geochemistry, etc.) approximate, in some specific ways, 
those possibly encountered on Mars at present or earlier in that planet’s history. These 
environmental conditions are also privileged areas for testing new instrumentation and 
crucial for understanding planetary habitability issues. According to Farmer (2004), when 
defining a site-selection strategy for exploration of putative Martian fossil records, a key 
factor is contemporaneous chemical precipitation, or mineralization. On Earth, geological 
environments where microorganisms are often preserved in this way include, among oth-
ers, (1) mineralizing systems (subaerial, subaqueous, and shallow subsurface hydrothermal 
systems and cold springs of alkaline lakes), (2) saline/alkaline environments of arid marine 
shorelines (sabkhas) or terminal (evaporative) lake basins, (3) duricrusts and subsoil hard-
pan environments formed by the selective leaching and reprecipitation of minerals within 
soil profiles, and (4) periglacial environments’ ground ice or permafrost (frozen soils), 
which have captured and cryopreserved microorganisms and associated organic  materials. 
There are many emblematic sites on Earth that have demonstrated to be extremely useful as 

FIGURE 14.8 Various studies indicate that hydrothermal processes and mineralization could 
occur on Mars. This picture shows a volcanic cone in the Nili Patera caldera. Light-toned patches 
on the closest flank of the cone, and the entire field of light-toned material on the left of the cone, 
are hydrothermal deposits. The cone is about 5 km in diameter at the base. (Courtesy of NASA/
JPL-Caltech/MSSS/JHU-APL/Brown Univ.)
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FIGURE 14.9 General view of an area rich in oxides and sulfates at the Río Tinto Mars analog 
(SW Spain). Various astrobiological studies were performed at this area in the context of the Mars 
Astrobiology Research and Technology Experiment (MARTE) project. (From Stoker, C.R. et al., 
Astrobiology, 8, 921, 2005.)

FIGURE 14.10 Outcrop rich in jarosite at the Jaroso Mars analog. The Jaroso ravine is the world-
type locality of jarosite. The Jaroso Hydrothermal System (JHS) is an extremely interesting late-
volcanic episode, and the Jaroso Ravine, located in Sierra Almagrera (Almeria province), is the best 
site (approximately 2 km × 4.5 km) where the hydrothermalism and alteration, associated with the 
JHS, have attained the maximum surface expression. (From Martínez-Frías, J. et al., Earth Planet 
Space, 56, 5, 2004.)
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Mars analogs. They are found in Antarctica, Chile (e.g., Atacama), Iceland (e.g., Hvalfjordur 
and Berufjordur), Spain (Río Tinto, Jaroso, Tenerife) (see Figures  14.9 through 14.11), 
Australia (e.g., Pilbara), etc. All these Mars analogs (and many others, Fletcher, 2011) will 
be crucial to define biomarkers and geomarkers for Mars exploration.

14.7 MARTIAN HISTORICAL PERIODS AND THE FINAL REMARKS
Thanks to all the data obtained from these three main information sources about Mars 
(Martian meteorites, Mars missions, and Mars analogs) we have a general geological pan-
orama of the planet (see Figure 14.12), which allows us to identify target areas for astrobio-
logical exploration and research from a temporal perspective.

This perspective is crucial. Although it is well known that liquid water is not stable at the 
surface under today’s atmospheric conditions (e.g., Ingersoll, 1970; Hecht, 2002), there is 
significant evidence that Mars once had a thicker atmosphere, that liquid water may have 
been much more abundant on the surface and in the subsurface earlier in Martian history, 
that it has at least sporadically flowed on the Martian surface, and that it may even still be 
present in the subsurface today (see Figures 14.13 and 14.14).

In a general planetary framework, we know that Mars is mainly characterized by its 
hemispheric dichotomy, the Tharsis and Elysium volcanic provinces, the existence of large 
impact basins, its equatorial canyon system, chaotic terrain and outflow channels, and its 
ice caps. Martian geochronology has been defined as (1) pre-Noachian (about 4.5 billion 
year ago), (2) Noachian (between 4.1 and 3.7 billion years ago), (3) Hesperian (between 3.7 
and 3.0 billion Gya), and (4) Amazonian (from 3.0 Gya to present). The periods Noachian 

FIGURE 14.11 Los Azulejos area (note the blue and green outcrops), Parque de las Cañadas, 
Tenerife, Canary Islands. This area has been recently proposed as an excellent Mars analog for 
studying hydrothermalism and alteration processes (Lalla et al. 2013) and for testing the Raman 
instrument related to the ExoMars mission.
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and Hesperian (from 4.1 to 3.0 Ga) were very important in connection with the existence of 
liquid water. An alternative Martian timescale based on the predominant type of mineral 
alteration was recently proposed: Phyllocian (named after phyllosilicates or clay minerals 
that characterize the era), which lasted from the formation of the planet until around the 
early Noachian, Theiikian (named after sulfurous in Greek, for the sulfate minerals that 

FIGURE 14.12 Mars geology map. Composited with Mars Orbiter Laser Altimeter (MOLA) data. 
(Courtesy of NASA.)

FIGURE 14.13 Mars streambed conglomerate compared to example on Earth. This image was 
acquired by NASA’s Curiosity rover on the surface of Mars. It shows an outcrop of conglomerate 
and some pebble-size weathering debris. In accordance with the scientific study (Williams et al., 
2013), the round pebbles are too large to have been moved and shaped by wind; thus, they had to 
have been transported a significant distance by water. (Courtesy of  NASA/JPL-Caltech/MSSS.)



Search for Life on Mars   ◾   319  

were formed), which lasted until about 3.5 Gya, and Siderikan (named for iron in Greek), 
for the iron oxides that formed, which lasted from 3.5 Gya until the present. As stated by 
Head (2007),

The major dynamic forces shaping the surfaces, crusts, and lithospheres of planets 
are represented by geological processes which are linked to interaction with the 
atmosphere (e.g., aeolian, polar), with the hydrosphere (e.g., fluvial, lacustrine), 
with the cryosphere (e.g., glacial and periglacial), or with the crust, lithosphere, and 
 interior (e.g., tectonism and volcanism). Interaction with the planetary external 
environment also occurs, as in the case of impact cratering processes.

Thus, planetary geology or astrogeology provides an essential scientific approach for any 
study about the origin of the evolution of Mars and its habitability conditions.

GLOSSARY
Abiotic: Not associated with or derived from living organisms.
Craterization: Alteration of the surface of a planet by the impact of cosmic objects.
Diogenite: A type of achondrite for which the parent body is believed to be the asteroid 

2 Vesta.
EETA79001: Martian meteorite (shergottite).
Euhedral: Euhedral is a textural term used to describe crystals that are well formed with 

sharp, easily recognized faces.
Geomicrobiology: It concerns the role of microbe and microbial processes in geological 

and geochemical processes and vice versa.

FIGURE 14.14 Outcrop at the Sheepbed locality, taken by NASA’s Curiosity Mars rover with its right 
Mast Camera (Mastcam), shows show well-defined veins filled with whitish minerals,  interpreted 
as calcium sulfate. (Courtesy of NASA/JPL-Caltech/MSSS.)
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Maskelynite: A type of naturally occurring glass, originated by the vitrification of 
 plagioclase by shock melting in meteorites and meteorite impacts.

Planetary habitability: Planetary habitability is the capability of a planet or a natural 
 satellite to develop and sustain life.

Planetary protection: A set of guidance in the design of a space mission to prevent bio-
logical contamination of the target celestial body and the Earth.

Plate tectonics: Scientific theory that describes the large-scale motions of the Earth’s 
lithosphere.

Plutonic rock: Formed by slow solidification of magma deep within the Earth and crys-
talline throughout.

Regolith: A layer of loose, heterogeneous material that overlies the solid rock on the Earth, 
Moon, a planet, and some asteroids.

Shock metamorphism: Shock metamorphism is the term used to describe irreversible 
modifications in rocks and minerals caused by the passage of shock waves.

Undifferentiated meteorites: Primordial matter that has remained nearly unchanged for 
the last 4.5 billion years.

REVIEW QUESTIONS
 1.  Can you mention three main issues for which planetary geology provides essential 

information?

 2. Who is considered the father of astrogeology and when and where did it start?

 3. Is magnetite a biomarker?

 4. Could you cite three examples of planetary geomarkers?

 5.  Is it possible to perform research on planetary geology of Mars while working on 
Earth?

 6. Which are the main types of Martian meteorites?

 7.  In which principles of the NASA Astrobiology Institute (NAI) Roadmap would geo-
ethics be specifically included?

 8. Can you define three examples of Mars analogs?

 9. Why would plate tectonics be important for astrobiology?

10. Are perchlorates important in the search for life on Mars and why?
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15.1 INTRODUCTION
Reasons for defining life are wide ranging. At the pragmatic level, we cannot leave blank 
pages in a dictionary, especially on such important subject. In academia, the learning pro-
cess requires conclusive definition on the path to understand living systems. In astrobi-
ology, we seek out of this world life forms and a definition that is at the same time open 
minded, scientifically accurate, and experimentally verifiable. Technical (i.e., unambigu-
ous and quantitative) definitions of life are needed to evaluate progress in the field of artifi-
cial life. Some realities (such as energy dissipative storms, GAIA, socioeconomical systems, 
the Internet, science, spirituality, and art) show properties of living systems. Some of them 
are evolving toward life, while others may be alive already. A clear life definition would 
help analyze them.

No definition of life ever became widely accepted. The type of education, preexisting 
prejudices about life, spirituality, and the intelligence of a person shape the definition 
he or she eventually accepts and determines which aspects of life make more sense and 
ought to be included in a definition. Explaining life and its origin is rich in paradoxes 
and far from definitive (Bedau, 1998). From a theoretical and technical standpoint, life 
may only exist in systems that are dynamic and very complex (Prigogine and Stengers, 
1984; Kauffman, 1993). Thus, asking that a definition for life should be at the same time 
brief, popular, and scientifically accurate is wrong. Most dictionary-like abbreviated def-
initions or colloquial definitions of life are too truncated or too simplistic to be accept-
able. They may serve but a segment of the public and certainly not the specialist. An 
acceptable definition for life cannot be constrained for size or simplistic on purpose. 
It will be in the form of a description of the essence and fundamental properties of life 
and will be tailored to a specific purpose and target audience. It is also possible that a 
definition of life is not something that a person with inadequate academic training can 
be briefed about in a rush, that is, “Life is not something that can be told about, it may 
have to be taught.”

This chapter analyzes opinions and achievements in the history of life definitions 
and historical ways of explaining life and gives criteria for producing a life definition. 
It also distinguishes between life (in general) and living entities (in particular), as well 
as between life at the individual level and life at the collective level. Universal features 
of life are analyzed that are necessary and sufficient for producing technical and non-
Earth-centric definitions. Poetic, insubstantial, or deliberately truncated statements 
such as “Life is a symphony of dynamic processes,” “Life is creation,” “It’s alive if it can 
die,” “I will know whether it is alive when I see it,” and “Life is the ability to communi-
cate” are not analyzed here.

15.2 CHRONOLOGICAL COLLECTION OF DIVERSE LIFE DEFINITIONS
The list presented in the succeeding text is not comprehensive nor gives sufficient 
credit to various authors. This collection emphasizes main trends for defining life 
and the diversity of life definitions. Bibliographic references for these definitions can 



Elusive Definition of Life   ◾   327  

be found in Popa (2004). More comprehensive lists of life definitions can be found in 
Pályi et al. (2002) and Koh and Ling (2013).

• Life is a power, force, or property of a special and peculiar kind, temporarily influenc-
ing matter and its ordinary force, but entirely different from, and in no way correlated 
with, any of these. (Beale, 1871)

• Living things are peculiar aggregates of ordinary matter and of ordinary force 
which in their separate states do not possess the aggregates of qualities known as 
life. (Bastian, 1872)

• If I had to define life in a single phrase … I should say: Life is creation. (Bernard, 1878)

• No physiology is held to be scientific if it does not consider death an essential factor 
of life … Life means dying. (Engels ca., 1880)

• The broadest and most complete definition of life will be the continuous adjustment 
of internal relations to external relations. (Spencer, 1884)

• It is the particular manner of composition of the materials and processes, their spa-
tial and temporal organization which constitute what we call life. (Putter, 1923)

• A living organism is a system organized in hierarchical order … of a great number of 
different parts, in which a great number of processes are so disposed that by means 
of their mutual relations with wide limits with constant change of the materials and 
energies constituting the system and also in spite of disturbances conditioned by 
external influences, the system is generated or remains in the state characteristic of it, 
or these processes lead to the production of similar systems. (Von Bertalanffy, 1933)

• Life has the following characteristics: (1) character of animal or plant manifested to 
life by the metabolism, growth, reproduction, and internal powers of adaptation to 
the environment; (2) vital force distinguished from inorganic matter; (3) experience 
of animal from birth to death; (4) conscious existence; (5) of being alive; (6) duration 
of life; (7) individual experience; (8) manner of living; (9) life of the company; (10) the 
spirit; and (11) a duration of similarity. (Webster’s International Dictionary, 1934)

• Life is replication plus metabolism. Replication is explained by the quantum- mechanical 
stability of molecular structures, while metabolism is explained by the ability of a liv-
ing cell to extract negative entropy from its surroundings in accordance to the laws of 
thermodynamics. (Reformulated by Dyson (1997) from Schrödinger (1944))

• The essential criteria of life are twofold: (1) the ability to direct chemical change 
by catalysis; (2) the ability to reproduce by autocatalysis. The ability to undergo 
heritable catalysis changes is general, and is essential where there is competition 
between different types of living things, as … in the evolution of plants and animals. 
(Alexander, 1948)
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• Life is not one thing but two, metabolism and replication, …, that are logically sepa-
rable. (Von Neumann, 1948)

• Life is potentially self-perpetuating open system of linked organic reactions, cata-
lyzed stepwise and almost isothermally by complex and specific organic catalysts 
which are themselves produced by the system. (Perrett, 1952)

• Life is the repetitive production of ordered heterogeneity. (Hotchkiss, 1956)

• The three properties “mutability, self-duplication and heterocatalysis” comprise a 
necessary and sufficient definition of living matter. (Horowitz, 1959)

• Any system capable of replication and mutation is alive. (Oparin, 1961)

• Life is “a hierarchical organization of open systems.” (Von Bertalanffy, 1968)

• Life is “structural hierarchy of functioning units that has acquired through evolution 
the ability to store and process the information necessary for its own reproduction.” 
(Gatlin, 1972)

• Life is a metabolic network within a boundary (Maturana and Varela, 1973; reformu-
lated by Luisi 1993). All that is living must be based on autopoiesis, and if a system is 
discovered to be autopoietic, that system is defined as living; i.e. it must correspond 
to the definition of minimal life. (Maturana and Varela, 1973)

• Living organisms are distinguished by their specified complexity. (Orgel, 1973)

• Criteria of living systems: “metabolism, self-reproduction and spatial proliferation. 
Their more complicated kinds have also the ability of mutation and evolution too.” 
(Gánti, 1974)

• We regard as alive any population of entities which has the properties of multiplica-
tion, heredity and variation. (Maynard-Smith, 1975)

• Life is the property of plants and animals which makes it possible for them to take in 
food, get energy from it, grow, adapt themselves to their surrounding and reproduce 
their kind. It is the quality that distinguishes an animal or plant from inorganic mat-
ter. Life is the state of possessing this property. (Webster, 1979)

• Life is that property of matter that results in the coupled cycling of bio-elements in 
aqueous solution, ultimately driven by radiant energy to attain maximum complexity. 
(Folsome, 1979)

• Living units are viewed as objects built up of organic compounds, as dissipative struc-
tures or at least dynamic low entropy systems significantly displaced from thermody-
namic equilibrium. (Prigogine, 1980; Prigogine and Stengers, 1984; reformulated by 
Korzeniewski 2001)
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• The sole distinguishing feature, and therefore the defining characteristic, of a living 
organism is that it is the transient material support of an organization with the prop-
erty of survival. (Mercer, 1981)

• A living organism is defined as an open system which is able to fulfill the condition: it 
is able to maintain itself as an automaton … the long-term functioning of automata is 
possible only if there exists an organization building new automata. (Haukioja, 1982)

• Replication—a copying process achieved by a special network of inter-relatedness 
of components and component-producing processes that produces the same net-
work as that which produces them—characterizes the living organism. (Csanyi and 
Kampis, 1985)

• Life is synonymous with the possession of genetic properties. Any system with the 
capacity to mutate freely and to reproduce its mutation must almost inevitably evolve 
in directions that will ensure its preservation. Given sufficient time, the system 
will acquire the complexity, variety and purposefulness that we recognize as alive. 
(Horowitz, 1986)

• Life is characterized by maximally-complex determinate patterns … life is matter 
that learned to recreate faithfully what are in all other respects random patterns. 
(Katz, 1986)

• Living system is an open system that is self-replicating, self-regulating, and feeds on 
energy from environment. (Sattler, 1986)

• Animate, and only animate matter can be said to be organized, meaning that it is a 
system made of elements, each one having a function to fulfill as a necessary contri-
bution to the functioning of the system as a whole. (Lifson, 1987)

• The characteristics that distinguish most living things from nonliving things include 
a precise kind of organization, a variety of chemical reactions we term metabolism, 
the ability to maintain an appropriate internal environment even when the external 
environment changes (a process referred to as homeostasis), movement, responsive-
ness, growth, reproduction and adaptation to environmental change. (Vilee et al., 
1989)

• Life is the ability to communicate. (de Loof, 1993)

• Life is an expected, collectively self-organized property of catalytic polymers. 
(Kauffman, 1993)

• Life is a self-sustained chemical system capable of undergoing Darwinian evolution. 
(NASA’s working definition of life; Joyce (1994, 2002))

• Life may be described as “a flow of energy, matter and information.” (Baltscheffsky, 1997)
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• The existence of the dynamically ordered region of water realizing a boson condensa-
tion of evanescent photons inside and outside the cell can be regarded as the defini-
tion of life. (Jibu et al., 1997)

• Living organisms are systems characterized by being highly integrated through the 
process of organization driven by molecular (and higher levels of) complementarity. 
(Root-Bernstein and Dillon, 1997)

• A living entity is defined as “a system which owing to its internal process of compo-
nent production and coupled to the medium via adaptative changes which persists 
during the time history of the system.” (Luisi, 1998)

• Life is … a recursive (self-producing and self-reproducing) organization where 
dynamic and informational levels are mutually dependent. (Bergareche and Ruiz-
Mirazo, 1999)

• Life is defined as “a material system that can acquire store, process, and use informa-
tion to organize its activities.” (Dyson, 2000)

• Life is defined as a system of nucleic acid and protein polymerases with a constant 
supply of monomers, energy and protection. (Kunin, 2000)

• Life is (1) composed of particular individuals, that (2) reproduce (which involves 
transferring their identity to progeny) and (3) evolve (their identity can change from 
generation to generation). A living individual is defined as a network of inferior nega-
tive feedbacks (regulatory mechanisms) sub-ordinated to (being at service of) a supe-
rior positive feedback (potential of expansion of life). (Korzeniewski, 2001)

• A living system occupies a finite domain, has structure, performs according to an 
unknown purpose, and reproduces itself. (Sertorio and Tinetti, 2001)

• The characteristics of artificial life are emergence and dynamic interaction with the 
environment. (Yang et al., 2001)

• Life is the “symphony” of dynamic and highly integrated algorithmic processes which 
yields homeostatic metabolism, development, growth, and reproduction. (Abel, 2002)

• Life is the process of existence of open non-equilibrium complete systems, which are 
composed of carbon-based polymers and are able to self-reproduce and evolve on 
basis of template synthesis of their polymer components. (Altstein, 2002)

• Any living system must comprise four distinct functions: (1) increase of complex-
ity; (2) directing the trends of increased complexity; (3) preserving complexity; and 
(4) recruiting and extracting the free energy needed to drive the three preceding 
motions. (Anbar, 2002)

• Life as a system capable of (1) self-organization; (2) self-replication; (3) evolution through 
mutation; (4) metabolism; and (5) concentrative encapsulation. (Arrhenius, 2002)
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• Life is … a self-sustained molecular system transforming energy and matter, thus 
realizing its capacity of replication with mutations and anastrophic evolution. 
(Baltcheffsky, 2002)

• Life is … a set of symbiotically-linked molecular engines, permanently operating out 
of equilibrium, in an open flow of energy and matter, although recycling a great deal 
of their own chemical components, through cyclic chemistry. (Boiteau, 2002)

• Life is a chemical system capable of transferring its molecular information indepen-
dently (self-reproduction) and also capable of making some accidental errors to allow 
the system to evolve (evolution). (Brack, 2002)

• Life is what the scientific establishment (probably after some healthy disagreement) 
will accept as life. (Friedman, 2002, paraphrasing Theodosius Dobzhansky)

• Life is matter that makes choices, binds time and breaks gradients. (Guerrero, 2002)

• Living beings are complex functional systems. Life is an abstract concept describing 
properties of cells, concrete objects. Life is the process manifested by individualized 
evolutionary metabolic systems. The functions, which are called life, are: metabolism, 
growth, and reproduction with stability through generations. (Guimarães, 2002)

• Life is energetic-dependent chemical cyclic process which results in increasing of 
functional and structural complexity of living systems and their inhabited environ-
ment. (Gusev, 2002)

• Life is simply a particular state of organized instability. (Hennet, 2002)

• Life is synonymous with the possession of genetic properties, i.e., the capacities for 
self-replication and mutation. (Horowitz, 2002)

• Life is a system which has subjectivity. (Kawamura, 2002)

• Life is metabolism and proliferation. (Keszthelyi, 2002)

• Life is a new quality brought upon an organic chemical system by a dialectic change 
resulting from an increase in quantity of complexity of the system. This new quality 
is characterized by the ability of temporal self-maintenance and self-preservation. 
(Kolb, 2002)

• Life is a high-organized form of the intensified resistance to spontaneous processes of 
destruction developing by means of the expedient interaction with the environment 
and regular self-renovation. (Kompanichenko, 2002)

• Any system that creates, maintains and/or modifies dissymmetry is alive. (Krumbein, 
2002)

• Life is the form of existence of the substance capable of self-reproduction and main-
tenance of permanent metabolism with the environment. (Kulaev, 2002)
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• A living entity is an ensemble of molecules which exhibit spatial organization and 
molecular-informational feedback loops in utilization of materials and energy from 
the environment for its growth, reproduction and evolution. (Lahav and Nir, 2002)

• It’s alive if it can die. (Lauterbur, 2002)

• From a chemical point of view, life is a complex autocatalytic process. This means 
that the end products of the chemical reactions in a living cell (nucleic acids, polypep-
tides and proteins, oligo- and polysaccharides) catalyze their own formation. From a 
thermodynamical point of view, life is a mechanism which uses complex processes to 
decrease entropy. (Markó, 2002)

• Life is an attribute of living systems. It is continuous assimilation, transformation 
and rearrangement of molecules as per an in-built program in the living system so as 
to perpetuate the system. (Nair, 2002)

• Any definition of life that is useful must be measurable. We must define life in terms 
that can be turned into measurables, and then turn these into a strategy that can be 
used to search for life. So what are these? (a) structures; (b) chemistry; (c) replication 
with fidelity and (d) evolution. (Nealson, 2002)

• Life is “a system which can reproduce itself using genetic mechanisms.” (Noda, 2002)

• Life as a structurally stable negentropy current supported by the self- correction 
for  the biological hereditary genetic code … providing an energy inflow. 
(Polishchuck, 2002)

• Life is instantiated by the objects that resist decay by means of constructive assimila-
tion. (Rizzotti, 2002)

• Living systems as those that are: (1) composed of bounded micro-environments in 
thermodynamic equilibrium with their surroundings; (2) capable of transforming 
energy to maintain their low-entropy states; and (3) able to replicate structurally 
distinct copies of themselves from an instructional code perpetuated indefinitely 
through time despite the demise of the individual carrier through which it is trans-
mitted. (Schulze-Makuch et al., 2002)

• Life is a form of matter organization that is energetically and informationally self-
supported, with a good capacity of self-instruction and creation. (Scorei, 2002)

• Life is a historical process of anagenetic organizational relays. (Valenzuela, 2002)

• Life: A population of functionally connected, local, non-linear, informationally-con-
trolled chemical systems that are able to self-reproduce, to adapt, and to coevolve to 
higher levels of global functional complexity. (Von Kiedrowski, 2002)

• A living system is one capable of reproduction and evolution, with a fundamental 
logic that demands an incessant search for performance with respect to its build-
ing blocks and arrangement of these building blocks. The search will end only when 
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perfection or near perfection is reached. Without this build-in search living systems 
could not have achieved the level of complexity and excellence to deserve the designa-
tion of life. (Wong, 2002)

• The existence of a genome and the genetic code divides living organisms from non-
living matter. (Yockey, 2002)

15.3 PHILOSOPHY OF A LIFE DEFINITION
The equivalent of a race presently exists for intellectual credit from producing “the ultimate 
definition of life” (Koh and Ling, 2013). One out of the box view is that since we cannot 
settle on any definition, we should assume that we do not need one and behave accordingly. 
Apart from being a sophism, this opinion does not help fields such as astrobiology, artifi-
cial life, and the legal system, where technical, quantitative, and unambiguous definitions 
are needed. Furthermore, we cannot choose what should be defined based on how diffi-
cult the subject is. Aiming at shortcutting years of disputes about life, Trifonov (2011) has 
proposed collecting definitions, identifying most frequently cited features, distinguishing 
between causal and derived properties, and assembling them in a hopefully “most com-
monly accepted definition” (Popa, 2012). Yet, new definitions are constantly produced and 
modified for various purposes and audiences. Furthermore, personal opinions about life 
are quite inflexible and the palette of levels of understanding of life is broad. Therefore, no 
single definition (including one established through a popularity contest) will ever satisfy 
everybody. The weight each author gives to various aspects of life also plays an important 
role in accepting, or not, emphases from definitions of others. Last but not least, descrip-
tions of life evolve with each person’s understanding of it, which has led to a historical col-
lection of life definitions that is larger than the number of people producing them.

Philosophical avenues about how life should be explained include two key directions:

 1. Importance given to collective properties of a system (i.e., holism) relative to proper-
ties of its individual parts (i.e., minimalism) in the functioning of living systems

 2. Emphasis on causality relative to probability in the production of life’s organization 
and in shaping the origin and evolution of life (Figure 15.1)

Probability
(chance)

Causality
(determinism)

Holism
(generalism)

Minimalism
(reductionism)

FIGURE 15.1 Opposite views about explaining the living state.
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Other theoretical and philosophical avenues about life (such as the cause of life, mecha-
nisms of life organization, the basic functional mechanism of all living systems, and the 
role of life in nature) are summarized in Section 15.6.

15.3.1 Holism (or Generalism)

Holism (or generalism) considers that life is a collective property, absent from its individual 
parts. Suggestive for this view is the aphorism nothing is alive in a cell except the whole of 
it (Olomucki, 1993). Prigogine (1980) proposed that living systems have a derived property 
called coherence; that is, even though interactions between individual parts from living 
cells (i.e., atoms and molecules) occur at the angstrom level, the system behaves like it was 
permanently informed about what happens at small scale and uses it for a grander pur-
pose. Benefits of microscale transformations may not be obvious to the analytic observer, 
and dissection of all individual part properties (irrespective of how thorough) cannot 
explain life.

15.3.2 Minimalism (or Reductionism)

Minimalism (or reductionism) is an attempt to distil life to simple mechanisms or forces. 
The extreme reductionist will believe that what you see is what you get and that a system 
can be fully explained from properties of its individual parts or their direct interactions. 
According to the onion heuristic approach, by peeling off layer after layer the most derived 
and least important features of living systems, we should be capable to reveal the most 
basic mechanism of life and describe the functioning of the most primitive life forms.

Very few authors fully support either holism or minimalism at the total exclusion of the 
other. Yet, discussing these extremes helps one form a balanced opinion about life.

15.3.3 Causality (or Determinism)

In this view, things (life included) always happen due to underlying cause(s), which are 
more important than chance. This view may take many forms. For example, vitalism is 
the medieval belief that life is caused by a transcendental principle of organization or an 
esoteric force called vital force or life-giving force. Some philosophies have called this force 
entelechy. In spiritualism, life is produced, and possibly maintained, by supernatural forces 
or divine will beyond our power of observation and comprehension. Most scientists now 
consider vitalism an obsolete view (akin to astrology) and agree that the functioning of 
living systems has nothing to do with spirituality. Modern science has not fully replaced 
vitalism, but rephrased it in a rationalistic form. For example, scientists now propose that 
causality (in various forms such as physical driving forces, cause–effect deterministic rela-
tionship, and derived properties) was important for the origin of life.

15.3.4 Probability (or Chance)

In this view, life is the outcome of random chanceful circumstances, and no hidden causes, 
driving forces, or underlying ordering principles are needed to explain it. The origin of life 
was the outcome of an (admittedly) rare, yet plausible, set of environmental conditions. 
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In this case, the evolutionary history of life was controlled by chance, changes in the 
environment, and selection of the fittest.

Neither causality nor probability is 100% right or wrong. It is likely that both played a role 
in the origin of life, albeit relative contributions may have shifted during early evolution.

15.4 TECHNICAL FORM OF A LIFE DEFINITION
When produced, life definitions take one of few technical forms:

• Parametric (i.e., a collection of general and particular properties)

• Cybernetic (i.e., a numerical and/or quantitative analysis of life properties)

• Cellularist/genetic (i.e., a list of most important features of earthly biological life)

• Non-Earth-centric (i.e., features believed to be present in all forms of life in the universe)

15.5 LANGUAGE OF A LIFE DEFINITION
The terminology used by a life definition is often hotly disputed. Specialists seek technical 
definitions with precise scientific terms. Philosophers favor context-providing,  causality- 
and purpose-addressing definitions and favor universal properties described in broad ter-
minology. The general public likes concise definitions, a colloquial language, and expect 
for a definition to match the description of what they already believe living systems are.

15.6 LIFE’S CAUSALITY AND PATH TO ORGANIZATION
Next, we summarize hypotheses on mechanisms helping life originate, exist, and evolve.

15.6.1 Life’s Drivers and Role in Nature

Living entities are energy dissipative systems, a class of dynamic systems otherwise com-
mon in the abiotic nature. Relative to other dynamic systems, living systems show notable 
upgrades regarding complexity, energy use, regulation, information, and evolution. Yet, 
much can be gained by making comparisons between living systems and abiotic energy 
dissipative systems, especially with regard to driving forces, the role of life in nature, basic 
functional mechanisms, and the transition from nonlife to life.

Two avenues help find life’s cause, that is, the driving force (or physical attractor):

 1. We can inquire if certain collective properties of living systems interact with laws of 
nature in ways that individual parts do not and lead to increased organization.

 2. We can deduce from known physical drivers of abiotic energy dissipative systems.

Life driver(s) may be internal or external. Ideas fitting the description of internal drivers 
are as follows:

• Vital force, life-giving force, or entelechy (many medieval sources)

• Internal search for perfection or near perfection (Wong, 2002)
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• Intrinsic tendency toward self-organization (Hazen, 2002)

• Internal tendency opposite in sense to entropization (Valenzuela, 2002)

• Selfish gene, a molecule created by chance and self-replicated (Dawkins, 1989)

• Self-controlled order, a non-Earth-centric extension of the selfish gene (Popa, 2004)

With regard to external drivers, analogies are often made with systems such as fire, grow-
ing crystals, convection cells, tornadoes, energy dissipative storms, molecular self-assembly, 
and evolution of ecosystems. These dynamic systems become organized because gradi-
ents of free energy build up in the environment and cannot be dissipated by turbulence 
or simpler forms of organization. For example, hurricanes (a type of energy dissipative 
storm) form when more heat accumulates at the ocean’ surface than it can be dissipated 
by atmospheric convection cells. Hurricanes are more complex than convection cells yet 
more efficient at dissipating heat. Another example is the evolution of ecosystems toward 
climax (a system state of high adaptation). As they change toward climax, ecosystems also 
show increase in energy flow density (i.e., larger energy flux) and thus become better at 
dissipating free energy. Since both hurricanes and ecosystems also show lifelike properties 
(e.g., self-organization), it was proposed that their physical drivers also play a role in the 
origin and evolution of cellular life.

It is known that the organization of energy dissipative systems is linked with the natural 
tendency of an energy gradient to be dissipated and the availability of a practically infinite 
sink for the by-product of this transformation (i.e., heat). Thus, the reason energy gradients 
form, the reason for the direction of the second law of thermodynamics, and the cause of 
the infinite size of the heat sink may also cause life. Chaisson (2003) supports that energy 
dissipative systems (which includes life) are caused, among others factors, by the expansion 
of the universe. The increase in volume is exponential, and the production of free energy 
(a secondary outcome of matter being degraded in stars) and of heat (produced by various 
systems) cannot keep pace with the overall cooling. This results in an infinite heat sink 
capable of absorbing all the heat energy dissipative systems may produce. In this view, the 
universal product of life is heat and disorder (i.e., entropy), and life cannot originate in an 
environment lacking free energy, in a closed environment, or in an environment where 
the heat produced cannot be dissipated efficiently (Cimpoiasu and Popa, 2012). Aiming at 
summarizing the origin of life’s order in a general principle, Peer Bak has proposed that 
a fourth law of thermodynamics should exist: The flow of energy from a source to a sink 
through an intermediate system tends to order the intermediate system for the purpose of 
facilitating the energy flow (modified after Bak 1996).

15.6.2 Conditions for Life’s Organization

Once a physical driver exists, certain conditions are required for a system to become self-
organized. In a generalization, Bonabeau and his collaborators (1999) have identified three 
such key conditions: (1) strong dynamic nonlinearity, (2) a balance of exploitation and 
exploration, and (3) multiple interactions. In the special case of the origin of life, other 
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important requirements are sufficient environmental diversity to allow producing a com-
plex system, a system composition that is adapted to the most easily available building 
blocks from the environment, fair statistical odds for a structure or mechanism to origi-
nate, reasonably slow and steady pace of environmental change to give a system sufficient 
time to evolve, a modular design to create a practically infinite number of construction 
variants, and functional continuum between simple and complex organization. Last but 
not least, the energy extracted by the system has to be large enough to compensate the 
system’s maintenance costs. According to disequilibrium thermodynamics, energy dissi-
pative order can only exist if the energy cost of maintaining internal order is less than the 
overall free energy degraded. The internal loss in entropy should be lower than the overall 
production of entropy by the system. From a broad perspective, systems such as stars, hur-
ricanes, fire, and life are but temporary mechanisms of dissipating free energy and produc-
ing heat and entropy. When competition between two or more forms of organization exists 
in the same space and free energy builds up, the energy dissipative system that is the most 
efficient at seizing energy, matter, and space and at using and dissipating free energy will 
also have a competitive edge over the others and its probability of existence will increase.

15.6.3 Mechanisms of Life Organization

With regard to the primordial mechanism for life’s organization, we have to cite the 
following:

• The self-organization principle formulated by Ashby (1947)

• The origin of order from noise by Von Foerster (1960)

• The concepts of order through fluctuations (Nicolis and Prigogine, 1977) and order 
out of chaos (Prigogine and Stengers, 1984)

In many respects, these principles are similar. In layman terms, the universe “abhors” order, 
free energy, and gradients of energy across space and time. Energy dissipative mechanisms 
(life included) are efficient at degrading free energy, increasing entropy, and smoothing out 
the spread of entropy across space and time. The organization of a biological system is a 
physical response to the need to eliminate energy gradients across space. The need to elimi-
nate energy gradients across time causes competition between energy dissipative systems 
and adaptive evolution and adjusts energy dissipation to energy availability or evolution 
toward climax.

Because in energy dissipative systems the energy flow is coupled with a self-controlled 
(self-rewarding) order, a positive feedback is created in which the level of order increases 
with the energy flux, while in turn more order leads to larger energy flux. The system’s 
growth stops when the energy cost of maintaining order becomes too high relative to the 
availability of free energy. For this reason, it is proposed that the key mechanism in the 
functioning of all ordered energy dissipative systems (including life) is symbiosis between an 
energy flux through a narrow path and a self-rewarding order capable of assisting the energy 
flow. As the overall energy flow increases, the system becomes more efficient at harvesting 
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free energy from the environment, and as order increases, the system seizes more space 
and materials than its competitors. Such systems of organization become favored during 
competition for space and for building materials relative to other systems of organization 
that are less efficient at dissipating energy.

Based on the earlier text, living systems are self-organized and adaptive mechanisms 
selected to exist because they are better at dissipating free energy, and the level of complexity 
life forms achieve is controlled (among other factors) by the availability of free energy.

15.6.4 Fuzzy Boundary between Nonlife and Life

Describing the threshold between lifeless systems and living systems helps produce techni-
cal definitions. The main issues here are as follows:

 1. Do we believe it or not that living systems originate in nonliving systems?

 2. Did a sufficiently sharp threshold existed during this transition?

 3. If many major changes have occurred during this evolution, which threshold should 
we select as the most important, because various authors have very different ideas 
about what living system mean?

Since we did not witness the origin of life and no artificial life has ever been created, we 
cannot be 100% sure that living systems can evolve from nonliving systems. Yet, a large 
body of evidence now makes scientists confident that (given appropriate conditions and 
sufficient time) lifeless networks can become alive. If the origin of life was a phenomeno-
logical continuum (Bedau, 1998), finger-pointing a very specific nonlife/life boundary may 
be difficult. This is called the dilemma of endless gradualism (Popa, 2010) and is akin to 
trying to distinguish black from white in a long and smooth series of grays. A potential 
solution to this dilemma is to seek for revolutionary jumps or phase transitions in a sys-
tem’s state, with regard to the level of organization, function, or consequences of change. It 
was often proposed that life has originated as a smooth evolution with sudden jumps. This 
view about the origin of life is called punctuated gradualism (Popa, 2010). Opinions about 
the key achievement during prebiotic evolution that should be acknowledged as a decisive 
nonlife to life threshold vary. Potential candidates include the first symbiosis between a 
catalyst and a gene, the first selfish information, the first autocatalytic network, the adap-
tive evolution, or the transition from automata to informata (Section 15.8.5).

15.7 WHAT IS TO BE DEFINED?
When definitions are produced, great confusion may come from insufficient clarity about 
what is to be defined. Life-related definitions vary in both essence and form whether we 
describe life (in general), living entities (in particular), types of life (or forms of life), or 
life-relevant system states (such as being alive, dormant, dead, or not alive). For example, 
a living entity should be described as a concrete system with specific internal components 
and properties, while life (in general) is a theoretical concept, a specific property of liv-
ing systems, or the presence, or sum, of all living systems from a specified environment. 
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Living entities are often described based on their composition, dimensions, structure, 
function, and information capacity, while life (in general) is composition independent 
and dimensionless and has the capacity for adaptive evolution, which some living enti-
ties do not. When describing the composition of the earthly biological life forms, we use 
features such as water, carbon, proteins, and DNA, but when describing life in general, 
we use non-Earth-centric parameters such as energy, information, order, and complexity, 
and we may need to include considerations about origin, evolutionary trend, and the role 
played by life in nature.

15.8 UNIVERSAL FEATURES OF LIFE
Definitions are generally assembled from general to particular. They first give the broad 
category the object or subject to be defined belongs to, and then they provide particular 
properties that are necessary and sufficient to singularize it. In this section, we discuss 
universal features of life that can be used in parametric and non-Earth-centric definitions. 
Some of the most frequently cited features of life concern energy, organization, regulation 
and repair, information, and evolution.

15.8.1 Energy

Free energy is the potential to do work. Living entities maintain organization, which 
means they do work, by using part of the free energy they dissipate. With regard to 
how energy is used, the four key features of living systems are catalysis, feedbacking free 
energy, energy currencies, and energy reserves. Catalysis (in the broad sense) is the abil-
ity to speed up transformations and it is often used as a means to divert energy from a 
source on a desired path. All living systems that we know show catalysis, either because 
they have to compete for energy with other systems and abiotic processes or because their 
functioning requires high energy intensity that can be achieved by channeling energy 
through a narrow, low-resistance, path. Catalysis is not exclusive to life; in some form 
or another, catalysis (in the broad sense described earlier) or autocatalysis also exists in 
energy dissipative systems that are not alive, for example, in fire, iron rusting, the growth 
of crystals, and molecular self-assembly. Using catalysis alone to define life is confus-
ing because most viruses do not contain catalysts, yet they are closer to what we call life 
than fire or growing crystals. Feedbacking free energy, also called reflexive activity (Popa, 
2004), is the diversion of part of an energy flow for the purpose of maintaining organiza-
tion or any type of work needed by the system. This feature is widespread in cell-based 
living systems, absent in viruses and common in many lifeless energy dissipative systems 
such as convection cells, tornadoes, and energy dissipative storms. As far as we know 
it, no energy dissipative order may exist without this property; thus, all living systems 
must have it except dormant life and energy parasites. Energy currencies are energy-rich 
carriers made in a process called energy transduction, which is the transformation of one 
form of energy in another. Energy currencies are means of temporary energy storage and 
are used for supporting the system’s need for work, for compatibility between external 
energy sources and the energy types needed by internal mechanisms, and for standard-
izing the type of energy used by various parts in a system. Apparently, no abiotic system 
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has energy currencies. Energy reserves are long-term stocks of free energy, helping the 
system withstand long-term fluctuations of energy availability. In theory, if the envi-
ronment is sufficiently homogeneous across space and time, a living system may exist 
without energy reserves. Perishability distinguishes what carriers are best as an energy 
currency (i.e., short half-life) and what can be used as an energy reserve (i.e., long half-life). 
Examples of energy currencies are ATP in biological cells, electricity in human society, 
and money in financial systems. Examples of energy reserves are sugars and fats in liv-
ing cells, stockpiles of food and combustible materials in human society, and gold bul-
lion, real estate, and other long-term assets in financial systems. None of these features 
(i.e., catalysis, feedbacking free energy, energy currencies, and energy reserves) is in itself 
diagnostic for life and some nonliving systems have one or more of these properties. Yet, 
cellular living systems and socioeconomical systems are the only energy dissipative sys-
tems showing all four of these features.

15.8.2 Organization

As a system parameter, organization has two aspects: order and complexity. Order mea-
sures how much of a system is nonrandom with regard to composition, spatial arrange-
ment, relationship between parts, and behavior. The order parameter (Anderson, 1997) has 
limited applicability, but it is a useful tool for learning the meaning of order. Complexity 
measures the intricacy of organization and is the meaningful information capacity of a 
system or virtual information of the ordered part of a system (Cimpoiasu and Popa, 2012). 
No easy way exists to measure complexity, and results are often observer and method 
dependent (Edmonds, 1999). Great confusion happens when complexity is confused with 
diversity. Diversity is a property of all parts of a system (i.e., random and nonrandom), 
while complexity only describes the nonrandom (or ordered) part of a system. By defini-
tion, the random part of a system has zero complexity. Networks with edges (or flows) and 
nodes (or stocks) are compared using a parameter called cyclomatic complexity (McCabe, 
1976). Kolmogorov complexity, or computational effort needed to describe a system’s orga-
nization (Abel, 2002), has more general application. Combinations of various compres-
sion algorithms are sometimes used to detect order and evaluate the level of complexity 
(Corsetti and Storrie-Lombardi, 2003). The idea behind Kolmogorov complexity and com-
pression algorithms is that complex information is difficult to compress. Two problems 
arising here are that

• No software can identify all rules of organization and hidden messages from a system.

• Random data may appear complex because it is hard to compress, while in fact, ran-
dom data contain no order and should have zero complexity.

Kolmogorov analysis and compression algorithms will overestimate complexity in disor-
ganized and compositionally diverse systems. Living systems should have increased order 
relative to their environment, but the level of order and complexity needed for a system to 
be alive is unclear. Also unclear is how perishable, or stable, organization should be.
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15.8.3 Regulation and Repair

The capacity to regulate the functioning of a system or to repair it is a key requirement 
of life. Viruses have no regulation and repair; their information content is produced and 
maintained by the living cells they parasitize. The ability to control all functional param-
eters of a living system is called homeostasis. It is unclear how much regulation a system 
must have to be alive. Kauffman (1993) has proposed that only complex networks can be 
truly self-maintained, which implies that living systems can only exist if they are very com-
plex. This leads to a dilemma regarding prebiotic evolution. It makes it difficult to explain 
how prelife networks evolved toward ever-increasing complexity and eventually life, if 
they were simpler than what a self-controlled living state requires. Most prebiotic net-
works should have become increasingly disorganized with time, rather than evolve toward 
more organization and eventually life. Yet, self-organization of abiotic energy dissipative 
systems proves that exceptions from this logic do exist.

In a definition of life, we can state that self-regulation has to be present at a level suf-
ficient to counteract environmental challenges. This leads to the philosophical dilemma 
that what we define as alive may be context dependent; that is, a system is alive in one envi-
ronment and not alive in another. Alternatively, the measure of being alive may be linked 
with the resilience of a system over time. It is obvious that regulation and self-repair alone 
are insufficient to define life. For life to exist, we have to assume that regulation and repair 
have to reach a level sufficient to keep the system state from drifting uncontrollably. It is 
proposed that nonlife to life transition occurred when the capacity for self-control became 
extensive enough to make the evolution of a prebiotic system toward increased organiza-
tion irreversible in a given environment.

15.8.4 Evolution

Darwinian evolution is the property most frequently proposed as diagnostic for life. In 
general, this term is reserved to describe the evolution of biological life forms and artificial 
life simulations. In non-Earth-centric definitions, the term adaptive evolution is recom-
mended. A frequent topic of discussion in origin of life classes is that adaptive evolution 
represents change of a system with time, but not all changes mean adaptive evolution. For 
example, quasi states (described in qualitative dynamics as successions of system states 
occurring in a specified sequence) are an example of change and of system evolution, but 
are not adaptive. The capacity of a system to assume various states in response to envi-
ronmental stress is also not an example of adaptive evolution, but regulation, irrespective 
of how many virtual states has the system memorized or how many states can the system 
summon from its genetic bank. Spurious changes, which randomly appear and disappear, 
drift in a system’s state and changes that are not memorized by the system are also not 
examples of adaptive evolution.

In life definitions, explaining the mechanism of Darwinian (or adaptive) evolution is 
less important than the history of evolution itself. For such analysis, we can use the term 
evolution of evolution (a seemingly pleonasm). It is fair to assume that during the origin 
of earthly biological life, more primitive forms of evolution (than Darwinian evolution) 
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have existed. Examples are molecular Darwinism and Lamarckian evolution. Molecular 
Darwinism is the selection of molecules (on features such as dimension, configuration, 
or sequence) due to their fitness (i.e., activity or performance) during competition with 
other molecules or in response to environmental stress. Molecular Darwinism is thought 
to have existed in molecular networks that have preexisted life. Thus, albeit important for 
understanding the origin of life, molecular Darwinism is not important for defining life. 
Furthermore, molecular Darwinism only applies to chemical networks, while life may exist 
in other (nonchemical) forms as well. Lamarckian evolution means inheritance of charac-
ters that are acquired during the lifetime of an individual. Lamarckism is unsuitable for 
explaining the evolution of modern biological life, where information only flows from gen-
otype to phenotype (i.e., from DNA to proteins). It is unclear whether this direction rule 
is a requirement of life in general or it is a feature specific to the biological life on Earth. 
The evolution of complex automata and cells from the hypothetical RNA world (where 
single molecules, presumably RNA, have served simultaneously as genes and enzymes) 
resembles Lamarckian evolution. It is interesting that in an RNA world, the boundaries 
between Darwinism and Lamarckism are difficult to distinguish. Lamarckism is also use-
ful for explaining the evolution of collective life forms such as ecosystems, socioeconomi-
cal systems, and GAIA. Note that GAIA is the hypothesis that our entire planet is alive. 
Another, albeit fictional, case of Lamarckian evolution may have occurred in the living 
ocean Solaris (Lem, 1961).

The term evolution has to be used with caution in definitions because some forms of life 
show adaptive evolution but only at the collective level and in a time frame beyond the life 
expectancy of individuals. Most eukaryotic living entities on Earth do not have Darwinian 
evolution; their genetic succession or genetic information has it. In a definition, it is recom-
mended to attribute the property of adaptive evolution to life in general or to state that adap-
tive evolution may be present at the level of individuals, collective or line of descent.

15.8.5 Information

The word information is used for various properties of living systems and often confus-
ing to the nonspecialist. Dissimilar parameters containing this word include information 
content, information capacity, meaningful information, shared information, and residual 
information. Information capacity is a log of a total number of microstates and measures 
the number of choices needed to single out a system state from a virtual collection of 
microstates. To distinguish life from nonlife, we have to identify types of information and 
their place in prebiotic evolution. Based on the carrier of information, systems may contain 
contextual information, nominative information, and symbolic information:

 1. Contextual information means that no dedicated component in a system is in charge of 
storing and sharing specific information or controls the system. The system changes 
in response to the environment and changes may be seen in later states but are not 
memorized.
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 2. Nominative information is stored by a specific carrier. Here, we distinguish between 
the following:

 a. Explicit information (also called analogical information), which is used as is with-
out translation. Examples include RNA molecules from the hypothetical RNA 
world, which have functioned as enzymes and their sequence information repli-
cated; mineral arrays that can be used as templates for crystal growth; and simple 
regulators that are used to control the state of a system. Systems that only have 
explicit information have one or a very limited number of potential states.

 b. Cryptic information is hidden in a code (or language) and requires translation 
to be used. Examples include the mRNA sequence information (which has to 
be translated by ribosomes) and written law (which requires literacy in order to be 
interpreted as intended). Relative to explicit information, cryptic information has 
the advantage of compressibility and can exist hidden as a backup virtual reality 
without interfering with the actual state of a system and used if needed. Systems 
using cryptic information may contain many potential system states in reserve.

 3. Symbolic information is not recorded in the genetic makeup of an individual, may 
be evolved in only a subgroup of individuals from a genetic community, and may 
be meaningless to individuals from other groups of the same genetic community. 
Examples include social behavior, body language, spoken language, writing, and var-
ious forms of culture and religion.

Here, we inquire about the type of information marking the transition between lifeless 
systems and living systems. It is proposed that a system only using contextual informa-
tion is too simple to be alive, while a system using symbolic information is alive already. 
Hence, the nonlife to life transition must have occurred during the evolution of nomi-
native information. Based on the type of nominative information used, systems can be 
differentiated in automata and informata. In the field of the origin of life, automata are 
systems only using analogic information for functioning and inheritance, while informata 
use encrypted information or a mixture of analogic and encrypted information (Popa, 
2004; Popa and Cimpoiasu, 2012). Biological life forms are informata that use explicit 
information as well.

It makes sense that during prebiotic evolution automata has preceded informata. The evo-
lution of modern biological informata toward increased complexity uses Darwinian selection, 
but principles controlling the evolution of automata are different. Informata keep records 
(within physical limits) of historical changes in organization that were successful in the past 
and thus store (either as individuals or as a collective) a memory (or cache) of virtual realities. 
These virtual realities are states the system may assume, or responses the systems may have, in 
specific conditions. They are backup system states and, potentially, most appropriate responses 
to the environment (according to past experiences). In contrast, automata have no specialized 
means of remembering the past and thus very limited (if any) recollection of former states. 
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This makes informata better adapted at withstanding complex and variable environments 
(albeit informata are complicated and expensive to build and maintain). Automata are less 
complex than informata and their fitness increases in homogeneous environments. Automata 
contain no hidden information—that is, what you see is what you get—and are believed to 
show a variant of Lamarckian evolution. They can only survive stringent competition if they 
are open to innovation and if they continuously reinvent the wheel. This may explain why dur-
ing prebiotic evolution, automata (i.e., molecular networks with no genes) have been replaced 
by informata, and all living systems on Earth are presently informata.

With regard to defining life, it is proposed that the first living systems were informata and 
that the nonlife to life transition has occurred when regulation in a system became more 
cryptic than explicit and when encrypted information was used for adaptive evolution.

15.9 RECOMMENDED STEPS FOR PRODUCING A LIFE DEFINITION
 1. Settle on a philosophy of what life means to you and take in consideration what the 

target audience would accept as being alive. Most definitions fit in the virtual space 
from Figure 15.1.

 2. Decide what has to be defined (life in general, living systems, being alive, type of life, etc.).

 3. Commit to a technical form of the definition based on scope. Definitions may be 
parametric, cybernetic, cellularist/genetic, non-Earth-centric, or a combination.

 4. Construct the definition from general to particular; for example, “A living entity is an 
energy dissipative system capable of catalysis, self-regulation, adaptive evolution, etc.”

 5. Reword using terminology that is accurate yet commensurate with the target audience.

15.10 CONCLUSIONS
In this chapter, we have analyzed the diversity of life definitions and theoretical and techni-
cal aspects when producing a life definition. No absolute or universally agreed upon defini-
tion of life exists. This is due to the complexity of life and the diversity of living systems but 
also to the fact that a life definition is a summary of each person’ understanding of life. Life 
definitions are constantly produced and tailored to various professional purposes and target 
audiences. This chapter emphasizes that we do not define life, we describe it; we do not accept 
a definition of life, we understand it; and we are not told what life is, we are taught about it. 
Many scientific definitions of life exist that are sufficiently rigorous and comprehensive, for 
example, the 1994 NASA definition (see Section 15.3). Yet, a definition of life that one will 
eventually accept remains a reflection or how much understanding he or she has about the 
essence of life and its role in nature. The definitions that I, presently, prefer are as follows:

Living entities are energy dissipative systems using cryptic information for regulation 
and inheritance and capable of adaptive evolution at the level of individual, collective 
or line of descent.

Being alive is the state of expressing the features of living entities.
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Life is a state of organization of energy dissipative systems, can manifest at the indi-
vidual or collective level, and indicates that the capacity to express their attributes is 
virtual or present.

A type of life (or life form) represents all living entities with similar means of construc-
tion, function, and information storage.

GLOSSARY
Anagenesis: Evolution of species involving an entire population, rather than a branching 

event.
Anastrophe: A turning back or about. A change in the order of parts from a message or 

process.
Autopoiesis: The capacity of a system to reproduce or maintain itself. The literal transla-

tion (i.e., self-creation) is misleading.
Boson condensation (or Bose–Einstein condensate): State of matter of a dilute gas 

of bosons near 0 K, where bosons occupy the lowest quantum state and quan-
tum effects become apparent at macroscopic scale (i.e., macroscopic quantum 
phenomena).

Compression algorithms: Algorithms used to reduce data to fewer bits.
Convection cells: A system of vertical circulation of fluids leading to heat dissipation. 

Earth’s atmosphere contains a total of six convection cell systems at various 
latitudes.

Cybernetics: Interdisciplinary way of studying regulatory systems, their structures, con-
straints, and possibilities. In cybernetics, all systems are abstractions analyzed for 
adaptation, control, learning, cognition, emergence, communication, and other 
general features.

Disequilibrium (or nonequilibrium) thermodynamics: A branch of thermodynamics that 
deals with thermodynamic systems that are not in thermodynamic equilibrium.

Dissipative system: Thermodynamically open system operating out of, and often far 
from, thermodynamic equilibrium in an environment with which it exchanges 
energy and matter.

Energy dissipative storms: Large systems of air circulation, such as hurricanes and 
cyclones, organized in a way that dissipates energy from the Earth’s surface (in 
most cases from the ocean surface) upward into the atmosphere.

Entropy: Often interpreted as a measure of disorder or progression toward thermody-
namic equilibrium. In thermodynamics, entropy is the amount of heat energy 
absorbed by the disordered part of a system when temperature increases by 1 K.

Evanescent: Exponential decay.
GAIA hypothesis: Hypothesis proposing that all organisms interacting with their inor-

ganic surroundings on Earth form a self-regulating, complex system that contrib-
utes to maintaining the conditions for life on the planet. GAIA theory proposes 
that the entire planet is a living system.

Heterocatalysis: A catalytic process resulting in a product different from the starting material.
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Kolmogorov complexity: A measure of the computational effort needed to describe a 
subject (object, phenomenon, or data set).

Negentropy: Entropy exported by a system to keep its internal entropy low or change in a 
system toward increased order and lower entropy.

Parametric: The use of specified features or parameters to describe a subject.
Physical driver: Natural force or combination of forces driving a transformation or sys-

tem change toward a specified direction.
Pleonasm: The use of more words than it is necessary for clear expression: examples are 

black darkness or burning fire. A form of redundancy.
Self-rewarding order: The capacity of a system of organization, dynamic system, or object to 

instruct its own reproduction or organization. Examples include selfish genes, auto-
catalytic RNA molecules, fire reinitiating fire, and autocatalysis of crystal growth.

Solaris: A 1961 Polish science fiction novel by Stanisław Lem. In this novel, the entire 
ocean of a planet was alive and capable of interaction and analysis. On Earth, we 
are accustomed with discrete living entities interacting and evolving in an abiotic 
environment. In Solaris, the entire environment was alive, without the need for 
discrete and independently evolving entities.

Sophism: A seemingly well-reasoned, plausible, or true argument (yet hiding a fallacy) 
used to deceive somebody.

REVIEW QUESTIONS
1. Identify errors in the following sentences:

Living system can accumulate entropy inside because they import free energy from 
the outside.

Automata are systems only using analogic information for regulation and evolution, 
while informata systems only use cryptic information.

Living entities are entropy dissipative systems.

Living entities are systems specialized on producing free energy from heat.

Sugar and fats are examples of energy currencies.

2. Fill in the blanks in the following sentences:

Living systems degrade free energy and dissipate ________ in the environment.

In Holism, life is seen as a ________ property, absent from its individual parts.

Energy is defined as the potential to ________.

Living entities are ________ dissipative systems.

Organization has two quantitative aspects: order and ________.

Quasi state means a succession of various system ________ in a given sequence.
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3.  Is the following sentence accurate? Complexity is the same with diversity. Explain your 
choice.

4.  Catalysis is one of the features of living systems. Abiotic energy dissipative systems 
such as crystal growth show catalysis, but most viruses do not. Yet viruses are con-
sidered closer to life than growing crystals. Explain this contradiction and propose a 
solution when producing a life definition.

5.  Although viruses cannot repair themselves, some scientists believe they are alive. If 
viruses are alive, then are viroids (i.e., viruses without a protein shell), prions, and 
computer viruses alive as well?

6.  When we describe living systems we sometimes assume that the level of self-regulation 
has to be sufficient to adjust the system to environmental challenges. This leads to the 
dilemma that a system may be considered alive in one environment and not alive in 
another. Is life an absolute state or a relative state?

7.  Give your own definition of life or living system and explain the choices of general and 
particular features that you have selected.

8.  Make a list of all (general and particular properties) that you believe are necessary 
to distinguish living systems from nonliving systems. In making this list, you can 
only use universal properties of life; that is, you cannot use any properties that may 
be particular to biological life on Earth (such as water, carbon, proteins, sugars, lipid 
membranes, DNA, RNA, ATP, chromosomes, and ribosomes). Use the list that you 
have produced to analyze whether the following are alive: socioeconomical systems, 
the Internet, culture, and religion.

9.  Assuming that the socioeconomical system is alive, at which point in history would you 
consider was the most important to mark the transition from nonliving state to living 
state? You can use examples such as the invention of fire or the wheel, transition from stone 
age to bronze age, the advent of agriculture, the formation of first villages or city states, the 
invention of writing, the creation of the first legal system, the origin of Greek democracy, 
the organization of market economy and financial systems, and the invention of Internet.

10.  According to Abel (2002), complexity may be measured through the computational 
effort required to describe the uncertainty reflected by the object or state. Is this cor-
rect? Explain.
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16.1 INTRODUCTION AND OBJECTIVES
Nowadays, we know that it is an empirical fact that if cells, tissues, organs, and organ-
isms coordinate their behavior, this needs signals. Biotic signaling serves as a primary tool 
to coordinate groups of individual living agents such as cells and organisms, that is, the 
whole process we term communication. Current knowledge indicates communication as 
a basic interaction within and between organisms in all domains of life. Communicative 
interactions are necessary within organisms—intraorganismic—to coordinate cell–cell 
interactions, similar to tissue–tissue and organ–organ coordinations especially in complex 
bodies. This includes also the interpretation of abiotic environmental indices such as light, 
temperature, gravity, water, and nutrient availability as sensing, monitoring, and feedback 
control against stored background memories. We find interorganismic communication in 
all signal-mediated interactions between same and related species. If species communicate 
with nonmembers, we term this transorganismic communication. Throughout all king-
doms of life, we do not find any coordination and organization that does not depend on 
communication. In this chapter, I will shortly summarize these communicative levels in 
various domains of life.

Additionally, all that protein-based life we investigate in cells, tissues, organs, and organ-
isms throughout all domains of life depends on stored information about structure, process-
ing, development, and regulation. The genetic code has four kinds of nucleic acid  components 
that serve as characters of an alphabet (guanine, adenine, thymine, and cytosine) that con-
tinuously is translated into amino acid language with 20 amino acids that form the whole 
variety of protein bodies and, additionally, an abundance of ribonucleic acids (RNAs) 
(with one varying character in the alphabet; uracil instead of thymine) that regulate all 
fine-tuned processes of cell replication, transcription, translation, and repair. The nucleo-
tide sequences of the genetic code are base pairing according to the Chargaff rules (adapted 
by Watson and Crick in their double helix) in which they build complementary sequence 
structures and serve as information storage medium. We will look at some agents that are 
competent to edit the genetic code such as viruses and subviral RNAs.

First of all, let us have a look at the current background knowledge on natural lan-
guages/codes and on the basic biological features of communication processes. Because of 
its empirical significance, we can easily adapt this biocommunication approach to nonhu-
man organisms as well as the natural genome-editing competences of viruses and subviral 
agents to the evolution and content order of the genetic code.

16.2  SUMMARY OF CURRENT KNOWLEDGE ABOUT NATURAL 
LANGUAGES/CODES AND COMMUNICATION

Current knowledge in linguistics and communication theory identified three basic fea-
tures that are essential characteristics to all natural languages/codes:

 1. No natural language speaks itself as no natural code codes itself. In natural languages 
or codes, living agents that are competent to generate sign sequences are the ultimate 
prerequisite for the existence and occurrence of natural languages and codes.
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 2. The emergence of natural languages and codes depends on populations of living agents. 
This means that natural languages/codes in communication processes are primarily 
social interactions. Concrete social interactions are the essential experience for socializ-
ing children to learn the connections between linguistic utterances and their meaning. 
(Utterances are sentences with which we do something: convince someone, explain some-
thing, implement something, and similar. We do not think and then formulate sentences: 
we think in language and sentences. Also, every nonverbal expression is an utterance.)

 3. Living agents that use natural languages/codes to initiate social interactions must be 
competent to follow three levels of rules that are obligatory and are inherent in any 
natural language or code: (a) competence to correctly combine signs to sequences 
(syntactic rules), (b) competence to correctly initiate communicative interactions 
according to the context specificity (pragmatic rules), and (c) competence to correctly 
designate objects by appropriate signs (semantic rules). If one level of rules is missing, 
one cannot seriously speak about a real natural language or code.

16.2.1 Language Is a Natural Language Only If Living Agents Use It

Language use depends on communities, a historically grown group of members that share 
these three levels of rules. Language use is a social action and is a priori intersubjective. 
If the time window of childhood learning and training in language words and sentences 
in social interactions is disturbed, linguistic and communicative competences can be 
deformed and even be lifelong. From this perspective, we can avoid monological concepts 
of language, all of which share an essential problem: how to make the move from a state of 
private consciousness to a state of mutual agreement and cooperation. Monological con-
cepts include metaphysical, philosophy of mind, or other solipsistic approaches such as 
sender–receiver or coding–decoding narratives.

16.2.2 Mathematical Theories of Language vs. Pragmatics of Languages

The mathematical theory of language and its derivatives (systems theory, information theory, 
game theory, bioinformatics, synthetic biology, biolinguistics) tried the other way around: there 
is a logic of relations within material reality that is inherent also in biological matter. In the case 
of human evolution, this logic determines finally the architecture of neuronal brain construc-
tion. If the brain uses a language that depicts this logic, it must be possible to depict material 
reality with this language. The only language that is able to depict material reality is a formaliz-
able, algorithm-based language, that is, mathematics. Therefore, the human brain must use for-
malized mathematical language so that it can scientifically depict and explain material reality.

The crucial deficit in this method is that one cannot explain everyday language with 
it. Everyday language is the ultimate metalanguage. This means that there cannot be any 
language that could go beyond everyday language. Since it serves as a primary tool for 
everyday life communication and socialization of humans, it is the source of the origi-
nal meaning of words in sentences. Everyday language cannot be formalized: we cannot 
explain deep grammars and illocutionary acts we use primarily to transport a variety of 
meanings with identical superficial syntactic structures.
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For the benefit of the readers, I would like to explain the terms locutionary, illocutionary, 
and perlocutionary, which are used in this chapter. Locutionary speech act is represented 
by the superficial syntax of the sentence. In contrast, illocutionary speech acts transport 
context-dependent meaning. For example, “I will come tomorrow”; its illocutionary force 
could be a promise, a threat, a secret code, etc., depending on the circumstances and inten-
tions. With perlocutionary speech acts, someone fulfills a complete action. If someone 
asks you if you are willing to take XY as your wife and you answer “yes,” then the yes is a 
perlocutionary speech act.

The same holds true for information theory: in a recently published article, Sydney 
Brenner states that biology is, in his opinion, physics with computation. The fundamen-
tal concept that integrates biological information with matter and energy is the universal 
Turing machine and von Neumann’s self-reproducing machines. However, no single self-
reproducing machine had ever been observed within the last 80 years since they presented 
their concept. There are good reasons for this, because machines cannot create new pro-
grams without algorithms. In contrast to the artificial machines that cannot reproduce 
themselves, the living cells and organisms can reproduce themselves and additionally gen-
erate an abundance of behavioral motifs for which no algorithm can be constructed, such 
as de novo generation of coherent nucleotide sequences.

16.2.3  How to Generate Correct Scientific Sentences: Results of the 
Philosophy of Science Debate in the Twentieth Century

To get things methodologically straight, we have to remind ourselves of the discussion 
between 1920 and 1980 in the history of philosophy of science and the transition of meta-
physics to the linguistic turn and afterward to the foundation and justification of scientific 
sentences in the pragmatic turn.

 1. The linguistic turn was the result of an attempt to delimit the logic of science from phi-
losophy and other nonscientific methods. The term delimit generally means to define 
the conditions that must be fulfilled as validity claims of exact sciences. Specifically, 
the logic of science tried to find a language whose sentences are strictly scientific in 
contrast to the sentences from poetry, theology, astrology, and other nonscientific 
fields. Based on good reasons, the linguistic turn states that we do not understand per 
se objects, relations, structures, intelligence, mind, consciousness, cognition, con-
struction, matter, energy, information, system, and natural laws, but only linguistic 
sentences in utterances. (Utterances are sentences with which we do something: try 
to convince someone, explain something to someone, call someone to do something, 
and similar.) Until linguistic turn, it was assumed in philosophy and sciences in gen-
eral that sentences somehow depict reality.

Only protocol propositions of observations that are reproducible in experimental 
setups are capable of depicting reality on a 1:1 basis, thus a direct correspondence. This 
is also valid for propositions of a language of theory that would have to be brought 
into agreement with these protocol propositions. What is required for a language is 
that it can be formalized, as in logical calculations, algorithms. This language would 
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represent a universal syntax that would be universally valid (a) in the things of the 
external world, (b) in the physical laws, and (c) in the material reality of the brain 
of humans speaking in formalizable propositions. But after several unsuccessful 
attempts, logical empiricism had to abandon its efforts to achieve the ultimate valid-
ity claim of a universal scientific language.

 2. As a result of this, the pragmatic turn refers to the communicative everyday interac-
tions of historically evolved groups and communities that are the basis for learning 
and training linguistic and communicative competences. Historically grown com-
municative practice of linguistic communities is the prerequisite for organization 
and coordination of social interactions, and later of linguistic abstractions, such 
as scientific languages in communities of specialized disciplines (see Figure 16.1). 

FIGURE 16.1 In his early thinking, which was outlined in the Tractatus Logico-Philosophicus, 
Ludwig Wittgenstein led the foundations for the project exact scientific language, that is, formaliz-
able sentences that depict reality in a 1:1 manner. This served as common foundation of the linguis-
tic turn. In his late Philosophical Investigations, Wittgenstein refuted his early thoughts completely. 
The basic features of natural languages are the real-life worlds of social groups that use sign systems 
in everyday use. The context of use determines the meaning of sign sequences. Natural languages 
serve as an essential tool in social interactions. This was the start of the pragmatic turn. (From 
Wittgenstein, L., Philosophical Investigations: The German Text with a Revised English Translation, 
Blackwell Publishing, Malden, 2001. With permission.)
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The pragmatic turn founded and justified the intersubjective–communicative charac-
ter of thought, experience, and research.

Everyday language analysis shows speech acts or how to do things with words. As 
we are both, in parallel, subjects and objects of our utterances, we are in a privileged 
position to take into account, at the same time, our historically evolved everyday 
language. We understand utterances as participants in the communicative, rep-
resentative, imperative, and constitutive speech acts, rather than acting as lonely 
(solus ipse) isolated observers. This enables us to explain central marks of speech 
acts as there are

• Simultaneous understanding of identical meanings in two interacting partners, as 
expressed in successfully coordinated activity

• Differentiation between deep and superficial grammar of a statement along with 
differentiation between locutionary, illocutionary, and perlocutionary speech acts 
with which the statements are made

The pragmatic turn replaces all monological subjects of knowledge by the primacy of lin-
guistic communities. This is the end for a methodological ideal that lasted nearly 2000 years 
and that maintained as a principle that one subject alone could—monologically—
get  knowledge and construct a language/code in a process that Thomas McCarthy has 
described as follows: “The monological approach preordained certain ways of posing the 
basic problems of thought and action: subject vs. object, reason vs. sense, reason vs. desire, 
mind vs. body, self vs. other, and so on.”

16.2.4 Meaning of Messages Depends on Contextual Use (Pragmatics), Not Syntax

It is a deep grammar, or as outlined in great detail by John Austin and John Searle, 
it is the illocutionary act we undertake with what we say. So, besides the locutio nary 
aspect, which is represented by the superficial syntax of the sentence, there is a variety 
of (hidden) possibilities of what we want to do (intend) with this sentence, namely, the 
illocutionary act. In extreme cases, we can intend contradictory goals with the same 
syntactic structure. This is the reality of everyday language that is impossible to cap-
ture in the formalized languages that cannot represent both locutionary and illocu-
tionary aspects.

An important consequence of this is that pure language analyses that want to extract 
deep grammar/illocutionary action out of available syntactic sequences must necessar-
ily fail. This is because the analyses of syntactical rules cannot explain pragmatic inter-
actional contexts that finally determine the meaning of syntactic structures. This has 
serious consequences:

 1. The variety of words combined to form sentences in everyday languages and dia-
lects are not the result of copying errors or damage of preexisting sentences or avail-
able sentences. According to Gödel, natural language users are principally capable 
to produce new sequences that have never been generated before (see Figure 16.2). 
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It is an inherent feature of all natural languages that living agents that use them can 
produce new ones. They may be unpredictable and thus incalculable. As such, they 
cannot be deduced out of former ones or available ones.

 2. In natural languages/codes, there is no syntax based on a universal grammar that 
transports identical meanings (e.g., with a unique position in a formalizable sequence 
space as suggested by Manfred Eigen).

 3. To learn a natural language means to communicate basic everyday needs with com-
munity members. This is how we learn what a word means (“The meaning of a word 
is its use”—Ludwig Wittgenstein). We can understand words and their sequences, 
because we have learned a practice of interaction, which includes learning from the 
community which words are combined with which interactional patterns; we then 
memorize those.

FIGURE 16.2 Gödel discovered the crucial deficit of the linguistic turn: in his investigation, he 
convincingly proved the fact that in open systems, there is the possibility to create new sentences 
that have never been created before and cannot be predicted out of preexisting ones in principle. 
This was the end of Hilbert’s program of a self-consistent axiomatic system (Hilbert space) as the 
ultimate foundation and justification of mathematics. (From Gödel, K., On Formally Undecidable 
Propositions of Principia Mathematica and Related Systems, Dover Publications, New York, 1992. 
With permission.)
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16.3  KEY LEVELS OF BIOCOMMUNICATION 
IN PROKARYOTES AND EUKARYOTES

Communication processes within and between organisms are rather complex sign-mediated 
interactions that significantly differ in prokaryotes (unicellular organisms without a true 
nucleus) and eukaryotes (uni- and multicellular organisms with true nucleus). Prokaryotes 
represent a success story in evolution and exist since nearly 3.8 billion years. However, the 
transition to eukaryotes was a real revolution because it incorporates a variety of former 
free-living prokaryotes within a double-layered cell and its information-bearing nucleus. 
The latter was most probably derived from a large double-stranded DNA virus. This means 
that the basic components of eukaryotic cells are both cellular and viral symbionts that are 
genetically conserved into a social organism.

16.3.1 Prokaryotes

The bacterial world is a social and communicative one. The production and the exchange 
of messenger molecules enable unicellular organisms to coordinate their behavior 
like a multicellular organism. The biocommunication in bacteria communities is not 
restricted to species-specific levels but represents a clear multilevel communication 
that enables hundreds of different bacteria groups to co-occupy one and the same eco-
logical niche.

It has been proven that bacteria groups use quorum sensing to determine their strength 
and to react by coordinating their behavior such as in biofilm formation.

Studies of quorum sensing systems demonstrate that bacteria have evolved multiple 
languages for communicating within and between species. Intra- and interspecies 
cell–cell communication allows bacteria to coordinate various biological activities 
in order to behave like multicellular organisms.

SCHAUDER AND BASSLER (2001)

Figure 16.3 demonstrates this as a snapshot from a video in which a group of bacteria sense 
available nutrients and coordinate redirected group movements in the correct direction. 
Recently, all key levels of biocommunication of soil bacteria have been categorized.

16.3.2 Eukaryotes
16.3.2.1 Fungi
Fungi also communicate and therefore are able to organize and coordinate their behavior. 
Coordination and organization processes in fungi are seen at the intraorganismic level, for 
example, during the formation of fruiting bodies, between species of the same kind (inter-
organismic), and between fungal and nonfungal organisms (transorganismic).

The semiochemicals (from the Greek word semeion, meaning sign) used are of biotic ori-
gin, in contrast to abiotic indicators that trigger the fungal organism to react in a specific 
manner. The roles of some of these signaling molecules are as follows: (1) Mitogen-activated 
protein kinase signaling (MAPK) is involved in cell integrity, cell wall construction, 
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pheromones/mating, and osmoregulation; (2) the cyclic adenosine monophosphate/pro-
tein kinase A (cAMP/PKA) system is involved in fungal development and virulence; (3) the 
RAS (protein family members that belong to a class of small GTPase) protein is involved 
in the cross talk between signaling cascades; (4) calcium, calmodulin, and calcineurin are 
involved in cell survival under oxidative stress, high temperature, and membrane/cell wall 
perturbation; (5) rapamycin is involved in the control of cell growth and proliferation; 
(6) aromatic alcohols tryptophol and phenylethylalcohol are used as quorum-sensing mol-
ecules; and also (7) a variety of volatile (alcohols, esters, ketones, acids, lipids) and nonvola-
tile inhibitory compounds (farnesol, H2O2).

To date, 400 different secondary metabolites have been documented. Development and 
growth of fungal organisms depend upon successful communication processes within, 
and between, cells of fungal organisms.

In order to generate an appropriate behavioral response, fungal organisms addition-
ally must be able to sense, interpret, and memorize important indices from the abiotic 
environment and adapt to them appropriately (see Figure 16.4). Interestingly, certain rules 
of fungal communication are very similar to those of animals, while others more closely 
resemble those of plants.

(b)(a)

(c) (d)

FIGURE 16.3 Swarming intelligence in bacteria: some extracellular food was positioned near a 
bacteria colony (a). After sensing of the food (b), the colony swarm moved toward the resource 
(c and d). Intra- and intercellular signaling is necessary to sense, interpret, and coordinate com-
mon motile behavior. (From Ben-Jacob, E., Ann. N.Y. Acad. Sci., 1178, 78, 2009. With permission.)
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16.3.2.2 Animals
Animals also depend primarily on volatile substances such as pheromones to identify 
group identity of self and nonself. However, in addition, they depend on a variety of signs 
that convey meaning via vocal sounds and visual gestures. This opens up a variety of com-
binatorial possibilities and broadens the communicative competencies. Such complexity 
increases exponentially in comparison to biocommunication of bacteria, fungi, and plants. 
The signaling molecules, vocal and tactile signs, gestures, and their combinations differ 
throughout all species according to their evolutionary origins and variety of adaptation 
processes. However, certain levels of biocommunication can be found in all animal species:

 1. Abiotic environmental indices such as temperature, light, water, and gravity that 
affect the local ecosphere of an organism are sensed and interpreted (against stored 
background memory). Then they are being used for organization of behavioral 
response to adapt accordingly (taking into account also optimal energy cost).

 2. Trans-specific communication with nonrelated organisms as found in attack, defense, 
and symbiotic (even endosymbiotic) sign-mediated interactions.
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FIGURE 16.4 Depending on the real-life context of fungal organisms, epigenetic regulation can 
suppress or amplify incoming or transmitted secondary metabolites, an important signal resource 
of fungal organisms. Therefore, not for every message, a novel sequence has to be produced 
( multiple meanings of identical syntax structures). (From Cichewicz, R., Epigenetic Regulation of 
Secondary Metabolite Biosynthetic Genes in Fungi, Springer Science+Business Media, Dordrecht, 
the Netherlands, 2012. With permission.)
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 3. Interorganismic communication between same or related species.

 4. Intraorganismic communication, that is, sign-mediated coordination within the 
body of the organism. This means two sublevels, such as cell–cell communication 
and intracellular signaling between cellular parts.

16.3.2.3 Plants
Plants are sessile organisms that actively compete for environmental resources both above 
and below the ground. They assess their surroundings, estimate how much energy they 
need for particular goals, and then realize the optimum variant. They take measures to 
control certain environmental resources. They perceive themselves and can distinguish 
between self and nonself. They process and evaluate information and then modify their 
behavior accordingly (see Figure 16.5). Plant communication centers are the stem and the 
rhizosphere (the entire area of interactions within the root zone). The rhizosphere of plants 
is a realm of overlapping communicative interactions and a dynamic environment fea-
turing dense microbiological life, high growth rates and metabolic activities, as well as 
rapidly changing physical conditions. The communication processes between tissues and 
cells in plants are incredibly complex and encompass nucleic acids, oligonucleotides, pro-
teins and peptides, minerals, oxidative signals, gases, mechanical signals, electrical signals, 
fatty acids, and oligosaccharides, growth factors, several amino acids, various secondary 
metabolite products, and simple sugars.
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FIGURE 16.5 Key levels of biocommunication in plants. (From Witzany, G., Key Levels of 
Biocommunication in Plants, Springer-Verlag, Berlin, Germany, 2012. With permission.)
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As in every biocommunication process of real lifeworld (pragmatic) situations, context 
determines semantic meaning of signals. Auxin, for example, is an ancient signaling mol-
ecule in plants. It functions in different hormonal, morphogen, and transmitter signal-
ing pathways. Thus, it is very difficult to decipher the actual semantics of auxin, since it 
depends on whether it is used as hormonal or morphogen or transmitter signal. The same 
signal can take on different meanings and trigger different effects, depending on whether 
it reaches the whole plant, a tissue, or a cell. Because of this, the respective developmental 
status of the organism serves as a memory for each individual plant.

16.4 NUCLEIC ACID LANGUAGE AS NATURAL CODE
Concepts such as genetic code, nucleic acid language, recognition sequences, translation process, 
amino acid language, immune responses, and cell–cell communication represent irreplaceable 
core concepts in molecular biology. These concepts were not introduced into biochemis-
try and molecular biology by linguists, communication experts, or language philosophers. 
Rather, they were independently coined by molecular biologists to explain observed phe-
nomena and were clearly invoked due to the strong analogy to processes of human commu-
nication. Francis Crick termed the genetic code a code without commas. However, Manfred 
Eigen investigated the genetic code as real language and not just as a metaphor, as revealed 
by the following citations: “The relative arrangement of the individual genes, the gene map, 
as well as the syntax and semantics of this molecular language are (…) largely known today” 
(Eigen and Winkler, 1983, p. 207). “All the words of the molecular language are combined to 
a meaningful text, which can be broken down into sentences” (p. 305). “At any rate one can 
say that the prerequisite for both great evolutionary processes of nature—the origin of all 
forms of life and the evolution of the mind—was the existence of a language” (p. 314).

As we know today, Eigen followed the opinion of his time, that language follows the 
structure of a universal and context-free grammar (Noam Chomsky) that underlies strict 
natural laws as it represents the logic of the material reality. The core functions of lan-
guages are limited, formalizable, predicable, and computable. The only real language that 
depicts material reality is mathematics. Therefore, the molecular genetic code can be inves-
tigated and described sufficiently by physics and chemistry. Eigen adapted the opinion of 
the linguistic turn as described earlier.

Several other derivatives of the linguistic turn and its mathematical theories of lan-
guage, such as systems theory, cybernetic information theory, synthetic biology, and even 
biolinguistics, all share this deficit. None of them take the full range of levels of rules into 
their theoretical assumptions but let these levels of rules be restricted to syntax and seman-
tics. But the demission of the primary role, pragmatics, to the investigations of natural lan-
guages has a fatal consequence. It installs a permanent deficit into these theoretical realms 
that determines their failure to explain sufficiently natural languages.

Because natural language/code tools are limited, the information-bearing sequences 
denote several independent and even contradictory contexts. One nucleotide word, such 
as a pseudoknot (a type of the nucleic acid secondary structure), may have several different 
meanings. Because living agents cannot invent new signs for every new situation or desig-
nation (energy costs), this evidently makes sense. Similar or equal combinations of signs, 
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characters, and words that result in sentences can be used as informational tools to trans-
port different meanings about a whole genome. Examples include overlapping epigenetic 
marking (the genetic sequence is marked through environmental influences that deter-
mine the context-relevant meaning/expression pattern) and silencing of transposons 
(DNA sequences that move), which induce repression of maternal cytotype (having differ-
ent chromosomal factors) in animals, among others.

From human communication, we know that different gestures or spelling may indi-
cate different meanings of the same words. Without contextual explanation, the phrase the 
shooting of the hunters cannot be understood unequivocably. The identical sequence may 
transport contradicting messages (see Figure 16.6). The marking of syntactic sequences by 
marking tools is common use in natural languages/codes and determines semantic content 
according to the needs of the pragmatic interacting agents.

To investigate syntactic sequences without knowing something about the real-life 
context of code using agents is senseless because syntactic structures do not represent 
unequivocable semantic meaning. Quantifiable analyses of signs, words, or sequences 
cannot extract context-dependent meaning. In a restricted sense, this is possible through 
sequence comparison, for example, if we know which sequences determine certain func-
tions. But all these features are absent in nonanimate nature. If water freezes to ice, no 
living agents nor semiotic rules or signs are necessary.

FIGURE 16.6 The shooting of the hunters: in natural languages/codes, the meaning of syntactical 
identical sequences depends on the real-life world context in which competent sign users are inter-
woven. The use of identical syntax structures to transport different (and even contradictory) mean-
ings saves energy costs. Algorithm-based machines (computers) that must extract the meaning of 
given syntax structures cannot decide between superficial grammar and deep grammar (illocution-
ary acts) intended by sign users. (Reprinted by permission from Macmillan Publishers Ltd. EMBO 
Reports, Witzany, G. and Baluška, F., Life’s code script does not code itself. The machine metaphor 
for living organisms is outdated, 13, 1054–1056, Copyright 2012. Graphics by Uta Mackensen.)
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16.5 AGENTS OF NATURAL GENOME EDITING
Within the last decade, views on natural genetic engineering and natural genome editing 
have changed dramatically. In particular, research in virology has opened perspectives on 
early evolution of life, as well as on viruses as essential agents within the roots and stem 
of the tree of life. From the early RNA world perspective, the whole diversity of processes 
within and between evolutionarily later-derived cellular life depends on various RNAs. 
The precellular RNA world must have been dominated by quasi-species consortia-based 
evolution, as are current RNA viruses.

Viruses can parasitize almost any replication system—even prebiotic ones. RNA viruses 
store crucial and dynamic information. Based on this and the results of phylogenetic anal-
yses and comparative genomics, it is possible to establish viral lines of ancestral origin. 
These lines of origin can also be nonlinear because different parts of viruses contain dif-
ferent evolutionary histories. Since viruses with RNA genomes are the only living beings 
that use RNA as a storage medium, they are considered to be witnesses of an earlier RNA 
world. Current negatively stranded RNA viruses have genome structures and replication 
patterns that are dissimilar to all known cell types.

No similarity between RNA-viral replicases and those of any known cell types has been 
identified. DNA viruses, too, do not give any reference to a cellular origin. DNA-repair proteins 
of DNA viruses do not have any counterparts in cells. One milliliter of seawater contains one 
million bacteria and 10 times more viral sequences. 1031 bacteriophages infect 1024 bacteria each 
second. The enormous viral genetic diversity in the ocean has established pathways for the inte-
gration of complete and complex genetic data sets into host genomes, for example, acquisition 
of complex new phenotypes. A prophage can provide the acquisition of >100 new genes in a sin-
gle genome-editing event. Today, it is assumed that the gene word order in bacterial genomes is 
determined by viral settlers of bacterial host genomes. Not only bacterial life is determined by 
nonlytic viral settlements, but also the evolution of eukaryotes has strongly depended on viral 
properties. In contrast to the mitochondria and other eukaryotic parts of bacterial descent, 
the eukaryotic nucleus was formerly a large double-stranded DNA virus. All properties of the 
eukaryotic nucleus are lacking in bacterial life forms but are typical features of DNA viruses. 
Even lethally irradiated viruses can often repair themselves. They are competent to recombine 
combinations of defective viral genomes in order to assemble intact viruses. Therefore, viruses 
are the only living agents capable of meaningfully recombining text fragments of a damaged 
genome into a fully functional viral genome that is capable of self-replication.

Lytic diseases that are caused by viral infections are the exception in viral life strategies, 
although they might have epidemic and pandemic and therefore catastrophic consequences for 
infected populations. The most dominant viral life strategy is the nonlytic but persistent viral 
settlement of cytoplasm of cellular hosts and even more of cellular host genomes. Addiction 
modules are the result of integration of former competing viral infections. As symbiotic neutral-
ization and counterpart regulation, they represent new host phenotypic features. One feature is 
regulated exactly by the antagonist according to developmental stages in the cell cycle, replica-
tion, and tissue growth. Should this suppressor function become unbalanced, then the nor-
mally downregulated part might become lytic again. We can identify virus-derived addiction 
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modules in every toxin/antitoxin, restriction/ modification, or insertion/deletion modules in 
which former competing viral clouds are now immunologically balanced (Figure 16.7). If a bal-
anced status is reached, this means a changed genetic identity of the host organism and, in con-
sequence, a changing genetic identity of the viral settler. Current knowledge indicates that most 
evolutionarily novel derived species are the result of changed and expanded genomic identities 
caused by persistent viral colonization. Research results in virology have led to the assump-
tion that, besides communicative competences of cellular organisms, which are involved in 
coordinating behavior, there are linguistic competences of viruses and virus-derived viral parts 
(e.g., env, gag, pol), which not only regulate all cellular processes but edit the genetic content of 
living organisms. This viral genetic text-editing competence depends on living organisms that 
are different from each other, and it therefore needs a biotic matrix to expand this competence. 
Without living and interacting organisms and cells, genomic creativity would only be a possi-
bility that is restricted to mere RNA combinatorial events (in an early precellular RNA world), 
which has no relevance to the generation of a biosphere.

16.5.1 Biocommunication in the RNA World: RNA Sociology

The ancient RNA world hypothesis is currently updated with RNA world facts and increas-
ing knowledge about the abundance of different but compatible RNAs. In this world of life 
processes actively dominated by RNA, DNA is increasingly cast in the role of the habitat 
of genetic information storage, whereas the interacting RNAs seem to be the inhabitants 
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FIGURE 16.7 Basic interactional motif of infection-derived group identities: the addiction mod-
ule as a result of counterbalanced, infection-derived, and persistent genetic parasites that initiate 
evolutionary inventions by natural genetic engineering of host genetic identities, some we can find 
as toxin/antitoxin, restriction/modification, or insertion/deletion modules. (From Villarreal, L.P. 
Viruses and host evolution: Virus-mediated self identity. In López-Larrea, C. (ed.), Self and Nonself, 
Springer Science+Business Media, Austin, LandesBioscience, New York, pp. 185–217, 2012b. With 
permission.)
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within this habitat. If we look at these network-like cooperating inhabitants, we can see a 
secondary structure that is shared by all these RNA nucleic acid sequences: it is the stem-
loop structure or, in the case of more complex agents such as tRNA or ribosomal subunits, 
the ligated consortia of such stem loops (see Figure 16.8).

The rather astonishing result of investigations is that randomly associated RNAs that 
have no evolutionary history show the same structure-dependent compositional bias as 
natural derived (ribosomal) RNAs. This means that the differences do not depend on selec-
tion processes but on the overall composition of the RNA consortium.

16.5.2 Biocommunication at the Level of the RNA Group Membership

RNA group membership can never be completely specified, since it can always be further par-
asitized by as yet to be encountered members or parasites. This essential and most important 
feature renders the ability to absolutely specify membership (absolute immunity) as basically 
indefinable. Thus, an RNA group can never be fully secure from as yet undefined parasite 
agents. But a crucial consequence from this insecurity is that it provides the inherent capacity 
for novelty, that is, the precondition for evolutionary innovation such as greater complexity.

To introduce sociological terms, we now have to ask: How do agents emerge from 
chemicals to form identity and then form groups that learn membership? Single RNA 
stem-loop generation occurs by physical chemical properties solely as demonstrated by 
natural and randomized RNA experiments. If stem-loop consortia build complex consor-
tia, they  initiate social interactions not present in a pure chemical world, that is, biological 
selection emerges. This designates the crucial step from inanimate world to life.
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Now we have molecular structures coherent with physical laws that store genetic infor-
mation. In contrast to inanimate nature, they actively generate behavioral motifs and pat-
terns of interaction, that is, coordinate common behavior according to rules that lead to 
consortia of self and nonself groups. This resembles some kinds of social group behavior 
with shared features:

• De novo initiation of behavior that cannot be deduced from former behavioral 
patterns

• Highly adaptive processes

• Lacking central or fittest type control

• Retaining a contextual history

• Smart (optimal energy costs)

• Solves problems beyond the capacity of its individual members

• Fast-changing reactions against nonmembers

Together these features are clearly and exclusively at the foundation of all living nature. If 
we were to eliminate these complementary competences out of the life processes, would 
there remain a living organism, or would it now simply be a chemical state? It seems not; 
thus, social RNAgents are essential.

16.5.3 Cooperation Outcompetes Selfishness

If we look at some interactional motifs of RNAgents to form consortial biotic structures 
that follow biological selection processes and not mere physical chemical reaction patterns, 
we must look at the group building of RNA stem-loop structures.

Recently, it has been found that single stem loops interact in a pure physical chemical 
mode without selective forces, independently whether they are derived randomly or are con-
structed under in vitro conditions. In contrast to this, if these single RNA stem loops build 
groups, they transcend pure physical chemical interaction pattern and emerge biological 
selection forces, biological identities of self/nonself identification and preclusion, immune 
functions, and dynamically changing (adapting) membership roles. A single alteration in 
a base-pairing RNA stem that leads to a new bulge may dynamically alter not solely this 
single stem loop but may change the whole group identity of which this stem loop is part of.

Simple self-ligating RNA stem loops can build much larger groups of RNA stem loops 
that serve for increase in complexity (Figure 16.9).

Significantly, RNA fragments that self-ligate into self-replicating ribozymes spontane-
ously form cooperative networks. For example, three-membered networks showed highly 
cooperative growth dynamics. When such cooperative networks compete directly against 
selfish autocatalytic cycles, the former grow faster, indicating competence of RNA popula-
tions to evolve greater complexity through cooperation. In this respect, cooperation clearly 
outcompetes selfishness.
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16.6 CONCLUSION
What is the benefit of this concept of language and communication as universal require-
ments of life in contrast to mechanistic, holistic, objectivistic, mathematically derived 
formalizable concepts such as system theoretical, bioinformatics, or synthetic biology 
approaches in molecular biology, genetics, epigenetics, and microbiology? The biocommu-
nication and natural genome-editing approach on processual reality of living agents brings 
some advantages to traditional scholarly conviction:

• Clear distinction between life and nonlife.

• Empirical nonmechanistic and nonreductionistic description method of biotic inter-
actional patterns throughout all organismic kingdoms.

Step 1: Random RNA polymerization Step 2: Folding of RNA oligomers

Step 4: Toward the �rst RNA polymeraseStep 3: Ligation and modular evolution

+

+

FIGURE 16.9 Schematic representation of the stepwise process toward a template-dependent RNA 
polymerase. In every step, we depict two possible and compatible scenarios: evolution on mineral 
surfaces (shown as brown rectangles) in bulk solution and evolution inside vesicles that could also 
encapsulate mineral particles. Functional hairpin structures (with ligase activity) are shown in 
red. Solid and dotted arrows stand for the surface-bound to in-solution equilibria. The RNA poly-
merase emerging from this process is depicted in blue. (From Briones, C. et al., RNA, 15, 743, 2009.)
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• Any observed coordination within and between organisms can be deciphered by 
research that identifies signaling molecules and syntactic, pragmatic, and semantic 
rules underlying the mode of signal use.

• Biological research must not concentrate any longer on experimental setups and the-
oretical approaches that want to elucidate language and communication in nonhu-
man living nature by mathematical (algorithm-based) modeling.

GLOSSARY
Biochemically related terms: Please consult the following recommended readings.
Biofilm: Bacterial group building by signaling interactions.
Communication: Interactions via signals between living organisms according to syntac-

tic, pragmatic, and semantic rules.
Evolutionary biology: Genotype/phenotype novelty as a result of variation (mutation = 

replication error) and selection.
Language: Any repertoire of signs that is used according to syntactic, pragmatic, and 

semantic rules.
Linguistic turn: We do not understand the outer and the inner world, but sentences about it.
Natural genome editing: Evolutionarily relevant variation results out of de novo sequence 

generation and recombination by competent RNA consortia, not of replication 
error.

Noncoding RNAs: RNAs that shortly after transcription out of DNA are not translated 
into proteins but serve as gene regulatory tools, increasing the main part of genetic 
information in eukaryotes.

Pragmatics: Level of rules that determine how to correctly combine words/sentences with 
real-life context.

Pragmatic turn: Language use is a kind of social interaction, that is, needs user groups.
Semantics: Level of rules that determine the correct designation of objects with words/

sentences, that is, meaning.
Syntax: Level of rules that determine how parts of an alphabet can be correctly combined.

REVIEW QUESTIONS
1.  If we would find extraterrestrial life, how do you think we would identify communica-

tion within it? Suggest how the material on language and communication you have 
learned from this chapter may or may not be helpful for answering this question.

2.  Write a short essay on one way of biocommunication in life, such as bacteria and fungi, 
based on the material in this chapter. Research further a subtopic that you like, for 
example, the way plants communicate.

3.  Why is context dependency crucial for identifying meaning of words and sentences? Try 
to formulate examples in which illocutionary acts determine the meaning of syntax of 
sentences (e.g., the shooting of the hunters).
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4.  Who was John Searle and how is his philosophy of language relevant to sufficiently 
explain communication? Explore this topic; exemplify the difference of locutionary, illo-
cutionary, and perlocutionary speech acts; and write a short essay to present to the class.

5.  What are the basic differences of natural languages/codes and mathematical concepts 
of languages?

6.  What are the essential differences between single RNA stem loops and (self-)ligated 
groups of RNAs? Is there any evolutionary important divergence?

7.  What is meant by RNA sociology? Nominate the differences to a strict physical/chemical 
vocabulary.

8.  For decades, it was assumed that errors in replication (mutations) are key for evolution, 
that is, variations that then are subject to biological selection. Now it is recognized that 
genetic novelty is better explained by natural genetic engineering and natural genome 
editing initiated by competent RNA agents. Why do you think was the error-based nar-
rative insufficient to explain genetic novelty?
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C h a p t e r  17

Transition from Abiotic 
to Biotic
Is There an Algorithm for It?

Sara Imari Walker

17.1 INTRODUCTION
Our daily lives are dictated by the ebb and flow of information. The invention of comput-
ers and the Internet in the last century heralded an information revolution and led to the 
current Information Age where traditional industry has yielded to an economy based on 
digital technologies. Nowadays, information is everywhere: from computers and smart-
phones to the World Wide Web and social networks, we are embedded in a sea of infor-
mation exchange. It therefore seems fitting that information-based concepts be applied to 
our understanding of the natural world. Indeed, information theory plays an important 
role in much of modern science. This is particularly true of the relatively young scientific 
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discipline of complex systems research, which explores everything from the structure of 
social networks and ecological food webs to the birth and death of cities. There are many 
reasons to suspect that information plays a pervasive role throughout the physical world 
in general.

Often, in the history of science, we find that scientific thought closely parallels contem-
porary technology. The history of our prevailing views about the universe is an example. 
A popular viewpoint in Isaac Newton’s day was that the universe behaves as a giant clock, 
describable as a perfectly predictable machine, with gears governed by the laws of physics. 
This mechanistic picture of the universe is reflective of the state-of-the-art technology of 
the day, where the regularity of the rules underlying the behavior of mechanical machines 
was being elucidated for the first time by newly discovered laws of classical physics (such 
as Newton’s laws of motion). The viewpoint of a clockwork universe eventually yielded to 
a thermodynamic picture, where the universe was viewed as a giant engine. The notion of 
an engine universe was in vogue during the industrial revolution, when steam engines 
transformed both the economic landscape through industrialization and the scientific 
landscape with the discovery of the first, second, and third laws of thermodynamics. These 
newly discovered laws described how energy can be used to produce useful work at the 
expense of dissipation of heat, which had both practical applications and deep implications 
for our understanding of a possible heat death for the universe.*

In the current Information Age, it is popular to view the universe as a giant com-
puter, where the entire universe is to be understood as either the output of a computer 
program or at the very least mathematical describable in such terms. This informa-
tional picture is reflective of the ubiquitous influence of computers on our daily lives 
and reflects a long-standing tradition of scientific thought colored by a technological 
lens. Likewise, one might equally well take a mechanistic, thermodynamic, or infor-
mational view of living systems. Whereas in previous centuries the mechanistic and 
thermodynamic pictures predominated scientific thought regarding the nature of life, 
it is currently fashionable to study biology using analogies from information and com-
puter science.

The connection between information and the operation of living systems seems to 
be deeper than just a passing fad—in many ways, life and information seem inextrica-
bly enmeshed. Many discoveries in biology have been a direct result of the application of 
informational concepts. For instance, the cracking of the genetic code (where the mapping 
between the sequence of nucleotides in DNA and the composition of the resultant trans-
lated protein was first solved) was the result of using an information-based analogy to 
coding in communication theory. John Maynard Smith, in his short treatise The Concept 
of Information in Biology, boldly suggests that the code would never have been solved if 
informational concepts were not applied, that is, if translation had been treated in terms of 
the chemistry of protein–RNA interactions alone (Maynard Smith, 2000).

* The heat death of the universe is a direct consequence of the second law of thermodynamics, which states that the 
entropy of a closed system cannot decrease with time. Applied to the entire universe, this implies that all useful energy 
(work) will eventually be converted to heat (thus no stars, no life, no computation, etc.).
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Applying informational concepts is clearly useful and relevant in many areas of biology 
(e.g., the use of coding, translation, and transcription to describe molecular processes). 
The challenge is that we do not yet understand the implications. Information-based con-
cepts are not required to understand many aspects of the physical world (i.e., though they 
may be cast in such terms, it is not necessary to take an information-based description 
in order to understand Newton’s laws). However, information appears to be an essential 
concept in biology, raising the question, “are informational concepts necessary to under-
stand the phenomenon of life?” In particular, we do not know if biology is fully reducible 
to the underlying rules of chemistry and physics or if new information-based laws that 
only come into effect in complex biological systems are necessary to describe life. An 
important question then is information just a useful metaphor to describe life, which has 
been taken from our current phase of digitally based technologies, or is the application 
of informational concepts to biology hinting at something more fundamental?

Biologists have gotten along just fine without needing to answer this question; you do 
not need to define what life is in order to study it. However, there is one area of research 
that would significantly benefit from an answer to this question, that is, the emergence 
of life, where chemistry transitions to biology. It is not at all clear if chemistry alone will 
provide a sufficient account or if it is necessary to invoke information-based concepts to 
explain life’s origin. This is perhaps one of the deepest questions facing modern science. 
To understand why the dichotomy between chemistry and information poses such a chal-
lenge, we must first consider the nature of information in biology and the applications of 
information-theoretic concepts to life and its origins. Therefore, the first important ques-
tion we must address is, “What is information?”

17.2 WHAT IS INFORMATION?
Information is a concept that everyone implicitly seems to understand but is nonethe-
less difficult to explicitly define.* Any kind of information must always be defined in the 
context of a source and a receiver. A signal carries information about a source if one can 
predict the state of the source from the signal. Information is represented and conveyed 
by characters or letters, but it can also convey meaningful messages, the interpretation of 
which depends on the context. It is the division between the structure (string of characters 
or letters) and meaning of a message that presents the greatest conceptual hurdle to rigor-
ously define what we mean when we say information.

A common way to organize the conceptual difficulty posed by defining information 
is to make a distinction between two senses of information: syntactic and semantic. The 
former readily lends itself to mathematical formalization, while the latter is much more 
problematic. In his book Information and the Origin of Life, Bernd-Olaf Küppers identifies 
what he calls the syntactic aspect of information as comprising the relationships between 
individual characters used to construct a signal (Küppers, 1990). Characters carrying 

* Defining information therefore faces many of the same pitfalls as defining the related concepts of complexity, emer-
gence, and even life. Often, people will take the position “I know it when I see it,” a concept that does not readily lend 
itself to formalization.
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meaning are symbols. Recognition of a symbol by a receiver requires a prearranged agree-
ment between sender and receiver on what a particular symbol represents. The  semantic 
aspect of information, on the other hand, comprises relationships between individual 
characters and what they stand for. In other words, it deals with the meaning of messages. 
An important point is that syntactic information is meaningless unless the recipient of the 
message already possesses the semantic information necessary to interpret the message.

Claude Shannon formalized the syntactic sense of information in his seminal paper 
“A mathematical theory of communication” published in 1948 (Shannon, 1948). In infor-
mation theory as presented by Shannon, anything can be a source of information if it has 
a range of possible states, where one variable carries information about a second variable 
such that the state of the second is physically correlated with the first (see Section 17.5). For 
example, Newtonian mechanics provides the algorithm that maps the state of the solar sys-
tem today onto its state tomorrow by specifying a trajectory through position and momen-
tum space. One may describe this input–output mapping using Shannon’s definition of 
information since the initial and final states are physically correlated. In general, a signal 
carries more information about a source if its state is a better predictor of the source, and a 
signal carries less information if its state is a worse predictor.

In the sense presented by Shannon, any physical system can be described in informa-
tional terms. However, biology seems to make use of a richer and much more challenging 
concept than that described by Shannon, where the expression of information, the execu-
tion of programs, and the interpretation of codes play an important role. Thus, biological 
information appears to also encompass an active quality associated with the interpreta-
tion of coded messages and the execution of programmed tasks that is associated with the 
meaning of molecular messages.

Meaningful information is referred to as semantic, intentional, or functional informa-
tion. An example to illustrate the distinction between the semantic and syntactic aspect 
of information can be drawn from language. Consider, for instance, the two arrangements 
of letters: tlbfyture and butterfly. They both share the same syntactic (or Shannon) infor-
mation content (e.g., they share the same characters) but carry very different semantic 
information content. Speakers of the English language will recognize the first arrange-
ment of letters as nonsense and the second as a symbolic representation of a flying insect 
well known for its beautiful colors and the patterning of its wings. The word butterfly 
therefore carries semantic information, whereas tlbfyture does not. The prearranged agree-
ment between sender (me) and receiver (you) for you to recognize the word butterfly is the 
assignment of meaning to words in the English language. In some areas of biology, such as 
perception, cognition, and language processing, the validity of similar concepts of infor-
mation and representation seems obvious (i.e., as in human language). However, in other 
areas of biology, such as biochemistry and molecular biology, the role of semantic informa-
tion content is much less clear-cut. Thus, we are left to puzzle, “At what level does language 
and symbolic representation emerge from chemical interactions?” In molecular biology, 
information clearly must act through chemistry but the connection between chemistry 
and semantic information is far from obvious.
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17.3 CHEMISTRY AND INFORMATION
Biology is replete with the colloquial use of informational terms such as transcription, 
translation, proofreading, messenger, redundancy, editing, and programs, inter alia. While 
such terms are routinely applied in the biological realm, they do not readily carry over to 
the underlying chemistry. In fact, many features of biological information appear to be in 
some sense independent of chemistry.

Maynard Smith points out two particularly illustrative examples (Maynard Smith, 2000). 
The first is the genetic code, which supplies the mapping between the information encoded 
in DNA and translated protein (via RNA intermediates). The RNA codon table, detailing 
the assignment of the 20 coded amino acids to triplet codons, is shown in Table 17.1.

One of the most important observations about the genetic code is that the correspon-
dence between a particular triplet codon and the amino acid it codes for is somewhat arbi-
trary. In fact, a codon does not even need to be a triplet (see Q3 under Review Question, 
for example, life could be based on a doublet or quadruplet code [Chen and Schindlinger, 
2010]). While decoding necessarily depends on the rules of chemistry, the decoding 
machinery can be modified to alter the triplet codon assignments. In fact, synthetic biolo-
gists have already successfully altered the code by reassigning codons to specify unnatural 
amino acids (defined as amino acids outside of the standard biological set of the canonical 
20 coded amino acids). Thus far, codon reassignment has been achieved by engineering 
aminoacyl transfer RNA (tRNA) synthetase enzymes to carry unnatural amino acids.* 

* During translation, tRNAs carry amino acids to the ribosome. Aminoacyl  tRNA synthetases attach the appropriate 
amino acid onto the corresponding tRNA.

TABLE 17.1 Codon Assignments for the Canonical Genetic Code

U C A G

U UUU Phe
UUC
UUA
UUG Leu

UCU Ser
UCC
UCA
UCG

UAU Tyr
UAC
UAA Stop
UAG Stop

UGU Cys
UGC
UGA Stop
UGG Trp

C CUU Leu
CUC
CUA
CUG

CCU Pro
CCC
CCA
CCG

CAU His
CAC
CAA Gln
CAG

CGU Arg
CGC
CGA
CGG

A AUU Ile
AUC
AUA
AUG Met

ACU Thr
ACC
ACA
ACG

AAU Asn
AAC
AAA Lys
AAG

AGU Ser
AGC
AGA Arg
AGG

G GUU Val
GUC
GUA
GUG

GCU Ala
GCC
GCA
GCG

GAU Asp
GAC
GAA Glu
GAG

GGU Gly
GGC
GGA
GGG

Note: AUG is the start codon (indicated in bold) and UAA, UAG, 
and UGA are stop codons (indicated in italics).
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The result is a codon with an altered meaning. In this sense, the code is symbolic—it does 
not wholly depend on the specific attributes of the medium (chemistry). Of course, all 
reactions must obey the laws of chemistry, but there is no necessity as to which codons 
specify which amino acids (within a set of chemical constraints), implying that codons act 
as biochemical symbols.

Nobel laureate Jacques Monod called this symbolic aspect of biochemistry gratuité 
(roughly translated to gratuity) in his famous book Chance and Necessity: Essay on the 
Natural Philosophy of Modern Biology (Monod, 1971). In collaboration with François 
Jacob, Monod demonstrated an early mechanism for genetic regulation, an achieve-
ment that earned Monod and Jacob the Nobel Prize.* Jacob and Monod showed how 
expression of a gene could be switched off by a repressor protein that is produced by a 
second, regulatory gene. The same gene can be switched back on by an inducer, which 
is typically a small molecule that binds to the repressor protein and alters its shape (e.g., 
in the lac operon, the inducer molecule is lactose itself). The important point Monod 
made is that the inducer has no direct contact with the gene; thus, at least in prin-
ciple, any inducer molecule could act as a switch for any gene. The connection between 
inducers and the genes they control is therefore arbitrary in the same sense that codon 
assignments are arbitrary, thus providing a second example of symbolic representation 
in biochemistry. Both inducers and codon assignments rely on molecular symbolism, 
with no fundamental underlying connection between their chemical composition and 
the resultant meaning or interpretation.

The role of symbolic representation in biology suggests a vast logical divide between 
the realm of chemistry and physics, where phenomena are described in terms of matter, 
energy, and forces, and that of biology, which is described in terms of signals and codes. In 
contrast to the semantic aspect of information, the Shannon aspect of information is easy 
to quantify, including in biological and chemical systems. We will therefore first look at 
the application of Shannon information theory to biology. We will then tackle the much 
more challenging problem of understanding the role of semantic information in life and 
its origin(s).

17.4 SHANNON INFORMATION CONTENT OF BIOPOLYMERS
Shannon originally developed information theory for describing reliable transmission 
of messages from a source to a receiver over a noisy communication channel (Shannon, 
1948). In subsequent decades, Shannon’s theory of information has been applied much 
more broadly, including in disciplines as diverse as linguistics, computer science, electrical 
engineering, physics, and biology to name a few. Here, we are most interested in the appli-
cation of Shannon information theory to biology.

Let us consider the information content of genes composed of the four-letter alphabet 
of nucleobases A, G, C, and T. Shannon information, or Shannon entropy (S), provides a 

* The specific system Jacob and Monod studied was the Escherichia coli lac operon, which encodes proteins for the 
 transport and breakdown of the sugar lactose.
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measure of the diversity of nucleobases in a given gene, which takes into account the rela-
tive representation of the different bases. The Shannon entropy is defined as

 
S p p

i

i i= −∑ log  (17.1)

where
i represents a letter of the alphabet
pi is the frequency of i in the sequence

If applied to the sequence of a gene, i corresponds to one of the four bases A, G, C, and T. 
A  natural measure of information content is the bit—defined by a system that has two 
equally likely alternatives (e.g., an unbiased coin toss), or log2 2 = 1 bit of information, as 
shown in Figure 17.1 (for p = 0.5). Thus, the information content of a single genetic base, if 
all four bases are equally likely, is 2 bits.

In general, Shannon entropy is highest for sequences with the highest statistical diver-
sity, that is, those representing an equal distribution of all possible base alphabet letters. In 
reality, the bases are not equally likely due to chemical effects such as correlations between 
neighboring bases. So, there is some reduction in the quantity of information, but 2 bits per 
base pair (bp) provides a good estimate. As such, Shannon entropy is highest for genetic 
sequences containing an evenly distributed number of each of the four bases. In contrast, 
for homogeneous, or uniform, sequences, such as polyguanine (poly-G, a repeating string 
of Gs), knowledge of the identity of a specific base does not provide any information, since 
a guess of G for any position in the sequence would always be correct and therefore relays 
0 bits of information.

0 0.5 1
0

1

p

S

FIGURE 17.1 Shannon information content for a system with two alternatives. Shannon entropy is 
maximized at 1 bit per trial when the two possible alternatives are equally probable (e.g., an unbi-
ased coin toss). Information content is 0 if the outcome relays no information.
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The Shannon information content also depends on the choice of alphabet. So far, we 
considered the information content of DNA sequences in terms of the composition of 
bases. However, one might equally well choose a different base alphabet and calculate 
the information content in terms of the triplet codons. Taking the 64 codons as the base 
alphabet yields a maximal possible Shannon information content of 6 bits per triplet, for 
the case where all codons are equally likely. The coding regions of DNA are read out and 
translated to make proteins, which are based on yet another alphabet of 20 (or in some 
cases more) coded amino acids. The alphabet composed of 64 codons permits higher maxi-
mal Shannon information content than the alphabet composed of the 20 amino acids (see 
Q3 under Review Question). A coding region and the protein it specifies can therefore 
have very different Shannon information content, even if the role of coding regions is pre-
cisely to specify the composition of proteins. This is a direct result of the degeneracy of the 
genetic code (where multiple codons encode the same amino acid) and suggests that not all 
aspects of biological information content are accurately captured by the Shannon informa-
tion measure alone.

Shannon entropy considers the sequence of a biopolymer as if it was a digital string of 
characters and contains no reference to biological function. Shannon entropy is there-
fore related to the more abstract measure of algorithmic information, used in computer 
science to study the complexity of digital strings (Chaitin, 1987). Algorithmic informa-
tion measures the complexity of a given sequence by calculating its incompressibility by 
a computer algorithm and is related to the work of Alan Turing on the foundations of 
computing (see Section 17.8). In the words of Gregory Chaitin, a pioneer in algorithmic 
information theory, algorithmic information is “the result of putting Shannon’s informa-
tion theory and Turing’s computability theory into a cocktail shaker and shaking vigor-
ously” (Chaitin, 1987).

An example from the short and colorful article “The complexity of songs” by computer 
scientist Donald Knuth provides an informative illustration of algorithmic information 
(Knuth, 1984). Knuth notes that a song like “99 Bottles of Beer on the Wall” has very 
low information content due to the high redundancy in the lyrics. This should be in con-
trast with the information conveyed by a more complex song like Queen’s “Bohemian 
Rhapsody,” which relays a larger amount of information for a fixed number of letters. 
Nearly all of the lyrics of “99 Bottles of Beer on the Wall” are compressed to a single line of 
information contained in the name of the song. This is not true for “Bohemian Rhapsody.” 
The compressibility of the lyrics of “99 Bottles of Beer on the Wall” makes it similar to a 
crystal in its Shannon or algorithmic information content. (A crystal has very low algo-
rithmic information content because it may be specified by a compact instruction set of 
the form, “Add another atom at distance x and repeat N times.” Likewise for “99 Bottles of 
Beer on the Wall.”)

Structures that contain patterns contain redundancy and can therefore be specified by 
algorithms with low information content. Random structures, however, are algorithmically 
incompressible: they cannot be specified as the output of algorithms much simpler than 
themselves. Biopolymer sequences are typically random in this respect, that is, they do 
not contain much patterning or redundancy (there are of course exceptions to this; see the 
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example of leucine zippers in Section 17.6). Therefore, biological information appears to be 
algorithmically incompressible (and thus more like “Bohemian Rhapsody” than “99 Bottles 
of Beer on the Wall”). In the very early days of molecular biology, Erwin Schrödinger, the 
renowned quantum physicist, recognized this when he postulated that the genetic mate-
rial of life must be an aperiodic crystal, in his now famous book entitled What Is Life?* His 
reasoning was that the genetic material must be incompressible, such that it could contain 
an instruction set of complexity comparable to the system it describes (i.e., a living cell).

Shannon information, and the related measure of algorithmic information, provides the 
formalism for quantifying the syntactic information content of the genome and the infor-
mation acquired through the process of evolution (which we turn to in the next section). 
It also has implications for our understanding of (Shannon or algorithmic) information 
transfer between genetic polymers in the early evolution of life.

As briefly mentioned earlier, there is a mismatch between the Shannon information 
content of proteins and that of the DNA that encodes them: the Shannon entropy of DNA 
is much higher than that of proteins due to the redundancy of the genetic code (e.g., see 
Table 17.1). Prior to the evolution of translation, which mediates information transfer from 
DNA to proteins via coded RNA intermediates (or RNA messengers), early biopolymers 
would have “talked” directly with no coded intermediates. This would have occurred in 
much the same way as DNA “talks” to RNA. This is possible in modern life because RNA 
and DNA are compatible nucleic acids, allowing the transfer of sequential Shannon infor-
mation between the two polymeric species. In part because of this compatibility, RNA is 
believed to have preceded DNA as the genetic material. This also opens the possibility that 
other primitive genetic polymers may have preceded RNA in this role (Hud et al., 2013).

While there are no known relics of this putative pre-RNA chemistry remaining in modern 
life, the hypothesis has some constraints and is not based purely on wild speculation. Not 
all related nucleic acids can transfer information with one another, even if they can interact 
directly with a common intermediate. For example, both threose nucleic acid (TNA) and 
glycol nucleic acid (GNA) have been suggested to be precursors to RNA. However, while 
TNA and GNA can both exchange sequential information with RNA, they cannot exchange 
information directly with one another (Yang et al., 2007). As such, TNA and GNA could 
not have been consecutive polymers in the same evolutionary pathway to RNA because 
Shannon information cannot be transferred directly between the two polymer species.

Mapping the landscape of genetic polymers that can exchange Shannon information 
with one another might allow us to sequentially step further back in time from RNA-based 
systems to prebiotic chemistry populated by very different pre-RNA genetic system(s). It 
also allows the possibility of stepping outward from extant life in new directions, which 
have not been explored by life on Earth. Much of this landscape of nucleic acid architec-
tures has yet to be mapped (Eschenmoser, 1999). In particular, how far in the structural 
space of nucleic acids we can depart from RNA or DNA through transfer of sequential 
information and still maintain biological functionality remains an open question.

* Schrödinger’s book What Is Life? is credited with stimulating much of the mid-twentieth century revolution in molecu-
lar biology, including inspiring both Watson and Crick to uncover the structure of DNA.
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17.5 INFORMATIONAL LIMITS OF EVOLUTION
The Shannon entropy measure permits us to quantify the information content of genetic 
polymers, such as DNA and RNA (as well as other putative prebiotic genetic polymers such 
as TNA and GNA), thus allowing quantification of the information content of genomes. 
Shannon information therefore provides insights into the process of the biological acquisi-
tion of information through Darwinian evolution.

At its core, Darwinian evolution describes how entities with traits that maximize repro-
ductive success will increase in frequency relative to their competitors through the pro-
cess of natural selection. Novelty that produces differences in the reproductive viability 
of organisms can be introduced via mutation. Natural selection acts on this differential 
reproductive success, where reproductive success is typically quantified in terms of fitness. 
Thus, Darwinian evolution describes the process of survival of the fittest.

As a preamble, we describe the information-theoretic content of the replicator 
 equation (RE), which will allow us to introduce some of the mathematical concepts before 
addressing the complications introduced by mutation. This treatment of the RE will pro-
vide us with a foundation for understanding the dynamics of replication and selection as 
embodied by survival of the fittest. We will then add mutation to the dynamics of selection 
and replication with the quasispecies equation. Introduction of copying errors via muta-
tion allows us to derive a fundamental limit on the amount of information that can be reli-
ably propagated from generation to generation, the so-called error threshold, which—as 
we will discuss—has important implications for the origin and early evolution of life.

17.5.1 Replicator Equation

Consider a population of N competing species—these could be RNA molecules in a test 
tube or lions and hyenas competing for prey in the African savannah. Selection acts to 
retain only the fittest variants, that is, those best adapted to survive and reproduce in the 
current environment. In a test tube, this is the most efficient RNA replicator, whereas on 
the savannah, it is the best hunter. The survival of the fittest dynamics of replication and 
selection are captured by the RE (Nowak, 2006).

The RE is the most fundamental equation of evolution. It describes selection among N 
different genotypes with fixed total population size and is written as
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The structure of the population is given by the vector x x x xN= …( , , , )1 2  where xi
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1, 
such that each xi represents the relative abundances, or frequencies, of a species i within 
the population. The equation is written in differential form, such that xi represents the time 
rate of change of the abundance of species xi. The dynamics are dependent on the fitness, 
fi, of species i and the average fitness of the population given by ϕ.
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The frequency of species i within the population will increase for fi > ϕ (xi is positive) 
and decrease for fi < ϕ (xi is negative). In words, species with fitness higher than the aver-
age survive and those with fitness lower than the average do not. Thus, we see that the RE 
captures the dynamics expected of survival of the fittest where the species with the highest 
relative fitness (largest value of fi) is selected and all other variants become extinct.*

The set of points with xi
i

N

=∑ =
1

1 is called the simplex SN. SN is an N-dimensional 
Euclidean space; examples for S2, S3, and S4 are shown in Figure 17.2. Solutions to the RE live 
at a corner of a simplex where xi = 1 for the fittest variant (i = max(fi)), and all other species 
j ≠ i are extinct. An illustrative trajectory showing the selection dynamics and convergence 
on a fittest variant is shown in Figure 17.3.

The mathematical structure of the RE readily allows characterizing evolution in terms 
of Shannon information. Following Krakauer (2011), the total information gathered by a 
population about its environment may be written in terms of the Shannon information 
content as
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∑ 1  (17.3)

such that the information accumulated by the process of selection is the difference between 
the observed Shannon information of the population (first term) and the maximum pos-
sible certainty over the choice of genomes (second term). For large times, IG(t → ∞) = 
log(N). Approximately, N variants must be lost for a population to gain log(N) bits of 
information about its environment. Selection therefore acts to channel all resources into a 

* Selection eventually leads to the survival of only the fittest species because ϕ is a dynamic variable and increases with 
time as the less fit species die out and only fit variants are left in the population. Eventually, only the species with the 
highest fitness survives this culling process.

S2 S3 S4

FIGURE 17.2 For fixed total population size and i = 1, 2, 3, …, N different genotypes, selection 
dynamics may be written in terms of frequencies or relative abundances, labeled xi, where the sum 
over all xi is one. The population structure is thus captured by the set of points 

�
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where xi
i

N

=∑ =
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1. This describes a simplex, SN. A simplex is the set of all points with nonnegative 
coordinates that add up to one. For N genotypes, the selection dynamics of the RE occur on the sim-
plex SN. Shown are the simplexes S2, S3, and S4. Each simplex SN is an n − 1 dimensional structure 
embedded in an N-dimensional Euclidean space.
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single genotype. Information gained about the environment through the process of selec-
tion is therefore directly proportional to the life that is lost. Thus, the information gathered 
through evolution has a maximal value that is directly related to how many organismal 
variants did not survive (Krakauer, 2011).

17.5.2 Molecular Quasispecies and the Quasispecies Equation

Earlier, we focused on the information gained through the process of selection at the 
population level. We next consider the amount of information an individual genome 
carries within a population and introduce the possibility of mutation. Replication of 
genetic material, such as DNA and RNA, can result in errors (or mutations) in the copied 
sequences. Introduction of copying errors to the selection dynamics of the RE yields the 
quasispecies equation. Molecular quasispecies were first introduced by Manfred Eigen 
and Peter Shuster to describe an ensemble of related genomic sequences that are rapidly 
mutating, where offspring typically contain one or more mutations relative to their par-
ent (Eigen, 1971; Eigen and Schuster, 1977). Quasispecies are to be contrasted with the 
notion of species in chemistry, which refers to an ensemble of identical molecules (i.e., the 
species of all water molecules).* For example, a quasispecies population of RNA mol-
ecules in a test tube, or a viral population undergoing rapid mutation between genotypes, 
does not contain an ensemble of strictly identical sequences and thus represents a quasi-
species of molecular variants. Due to rapid mutation among related sequences, quasispe-
cies are often described as a diffuse cloud of related genotypes, linked by mutation, that 
collectively contribute to the characteristics of the population, as shown in Figure 17.4.

* Here is an example where the same word can be interpreted differently in different disciplines, sometimes leading to 
confusion. There is a popular misconception that species in quasispecies refers to the notion of a biological species, but 
the original intention was with reference to the use of the word in chemistry, which has a very different interpretation.

FIGURE 17.3 Selection dynamics of the RE on the simplex S3. Each point in the simplex refers to 
a particular structure of the population. The dashed line traces a trajectory from the initial popu-
lation (star) to a corner of the simplex (red circle) where only the fittest variant in the population 
remains.
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Introducing mutation rates to the replication and selection dynamics of the RE cap-
tures the effects of errors in the copying process. Mutation rates are described in matrix 
notation and denoted as qij, where each qij describes the probability that replication of 
genome i results in genome j. Including these mutation rates in the RE yields the quasispe-
cies equation

 

� …x x f q x i Ni

j

N

j j ij i= − =
=
∑

1

1, ,φ  (17.4)

This equation is also sometimes referred to as the replicator–mutator equation. Here, as 
with the RE, each xi represents the relative abundances of a genotype i, fi represents the 
fitness of species i, and ϕ is the average fitness of the population. Quasispecies evolve until 
equilibrium between mutation and selection is achieved. Therefore, unlike solutions of the 
RE (which converges to a single fittest genotype), the solutions of the quasispecies equa-
tion contain a large diversity of genotypes. It is therefore the fitness of the cloud of related 
genotypes, rather than the fitness of a single genotype, that evolution is optimizing for the 
case of the quasispecies.

It is important to note that any genomic information (or any other kind of information) 
can be encoded in binary sequences. Thus, when modeling the dynamics of informational 
sequences, such as in the quasispecies model, binary sequences are often used for conve-
nience even though biology implements larger alphabets (e.g., the set of four nucleotides, 
or 20 amino acids). To understand why, consider the total number of sequences of length 
L composed of a binary alphabet, compared to an alphabet composed of four letters. For a 
binary alphabet of 0 and 1, there are 2L possible sequences. Compare to the case for genetic 
polymers composed of four bases with 4L possible sequences. This represents a vast jump in 

Master sequence

FIGURE 17.4 Quasispecies is a population of closely related reproducing genetic molecules. 
Quasispecies represent a diffuse cloud of related sequences in genotypic space, where the master 
sequence is the fittest variant.
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complexity over a binary alphabet and therefore a vast jump in the complexity of a model 
required to describe it. As such, in theoretical modeling, binary representations are often 
used due to their relative simplicity, often without loss of generality. In the quasispecies 
model, the variants xi each encode a unique binary sequence of 0s and 1s with i = 0, 1, …, N 
where N = 2L − 1. In example, the most natural enumeration of sequences is obtained if 
the sequences encode the binary representation of the index i, that is, for a population of 
sequences of length L = 5, i = 0 corresponds to the sequence 00000, i = 1 corresponds to 
00010, and so on.

As with the RE, quasispecies dynamics are defined on the simplex SN. Sequence i is 
generated by replicating any sequence j at rate fj times the probability that sequence j gener-
ates sequence i, which is given by pij. Sequences are removed at a rate ϕ such that the total 
population size remains constant with xi

i

N

=∑ =
1

1. In the limiting case of no mutation, 
replication produces perfect copies with probability qii = 1, with all other qij = 0 for i ≠ j, 
and we recover the RE.

For the set of all sequences of length L, the form of the mutation rates qij can be written 
out explicitly for the case of point mutations as

 q u uij
h L hij ij= − −( )1  (17.5)

Here, u is the mutation rate for an individual position along a sequence. Thus, the probabil-
ity that an individual position is copied correctly is given by (1 − u). The hij are referred to as 
Hamming distances and track the number of positions that differ between sequences i and j. 
The distance is one in genotypic space. A Hamming space for L = 3 is shown in Figure 17.5.

For two sequences sharing all positions in common (i.e., identical sequences), hii = 0. For 
two sequences sharing no positions in common (i.e., separated by the maximum possible 
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FIGURE 17.5 Genomes can be described in an abstract sequence space called a Hamming space. 
The length of the genome defines the number of dimensions of the Hamming space. Short viruses, 
such as the RNA Qβ virus, occupy a genomic space of several thousand dimensions; for humans, 
the space is roughly 3 billion dimensions; shown is the Hamming space for genomes of length L = 3.
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distance L), hii = L (i.e., for the space shown in Figure 17.5, three edges of the cube are 
traversed to change all three positions in a sequence). Thus, L − hij is the number of sites 
shared in common by sequences i and j.

17.5.3 Error Threshold and the RNA World

The quasispecies model has important implications for our understanding of the origin 
and early evolution life. A popular view is the RNA world hypothesis, a term coined by 
Nobel laureate Walter Gilbert, which outlines how the catalytic properties of RNA support 
the idea of a prominent role for RNA in ancient life (Gilbert, 1986). In the RNA world, 
RNA played the role of both catalyst and genetic information carrier prior to the advent 
of the translation machinery, when the respective roles of protein catalysts as biochemical 
workhorse and DNA as genetic information storage repository were established.

There are weak and strong versions of the RNA world hypothesis. An extreme viewpoint 
is that life originated with self-replicating RNA molecules, which were initially synthe-
sized abiotically and then gradually accrued additional functions through the process of 
Darwinian evolution. This strong RNA world scenario purports that RNA-based organ-
isms (with RNA as the only biopolymer) were the very first form of life on Earth. A more 
moderate perspective is a weak RNA world scenario, where an early period of life on Earth 
utilized RNA as the only genetically encoded component of biological catalysis. This is an 
important distinction: under this second view, the RNA world may have been preceded 
by even more primitive living systems, which have left few relics in modern organisms. It 
is therefore not necessary that RNA is the very first chemistry of life. Regardless of one’s 
preference for the strong or weak scenario, there is strong evidence to support RNA play-
ing a prominent role in early evolution.

The RNA world hypothesis has fostered much interest in the evolution of RNA popu-
lations due to the implications for our understanding of early RNA-based systems. An 
important consideration is that any riboorganisms (RNA-based organisms) populating the 
putative RNA world (strong or weak) would have been subject to high copying error rates, 
as they would have lacked the sophisticated and highly evolved error-correcting (protein-
based) enzymes of modern life. Such highly mutating populations may be described by the 
quasispecies equation.

As noted earlier, quasispecies evolve until equilibrium between mutation and selection 
is achieved. Calculating the properties of this equilibrium distribution for complex fitness 
landscapes is difficult, but tremendous insight can be gained by considering an example 
with a simplified fitness landscape. We consider all binary sequences of length L and iden-
tify the all 0 sequence x0 = 000…0 as the fittest sequence, dubbed the master sequence 
(the fittest sequence is also often referred to as the wild type). The fitness of the master 
sequence is given by f0 > 1. All other sequences, or mutants, are given a fitness of 1 and are 
thus less fit than the master sequence. Using Equation 17.5, we can calculate the probabil-
ity that the master sequence produces a perfect copy of itself (h00 = 0), which is given by 
q = (1 − u)L. Since perfect copies are produced with probability q, mutant sequences are 
generated by the master sequence with a probability given by 1 − q. For the purposes 
of discussion here, we neglect back mutation from the mutants to the master sequence 
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(here, we are using the tools of the theorist by using carefully chosen approximations to 
make our equations more tractable to solve). This simplification allows us to reduce the 
system of equations in Equation 17.4 to two equations:
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The first equation describes the dynamics of the master sequence x0: perfect copies are 
produced at a rate f0q and are lost at a rate ϕ. The second equation sums over the dynamics 
of all mutant sequences, where x1 is the sum over the frequencies of all mutants. The first 
term describes production of mutations via error in copying of the master sequence, with 
new mutants produced at a rate f0(1 − q). The second term describes the selection dynamics 
of mutants, as would be written in the absence of mutation (recall f = 1 for all mutants). The 
average fitness is given by ϕ = f0x0 + x1.

We can simplify this set of two equations even further by noting that the total popula-
tion size is given by x0 + x1 = 1. Substituting this into our expression for ϕ, and substituting 
the result into Equation 17.6, yields

 x x f q x f0 0 0 0 01 1= − − −( ( ))  (17.7)

This one equation describes the full dynamics of our population. The approximations 
made earlier are precisely what allow us to write the dynamics of the entire cloud of related 
genotypes in one relatively simple equation. Equation 17.7 has two steady-state (equilib-
rium) solutions found by solving the earlier equation when x0 0= . Steady state is achieved 
if x0 0* =  or if
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(here, * is used to denote steady-state values). For f0q < 1, this second solution yields an 
unphysical value of a negative population size for the master sequence, that is, x0 0* .<  The 
second solution is therefore unstable if f0q < 1, and the system converges to the first steady-
state solution x0 0* .=  The condition f0q < 1 therefore provides an error threshold whereby the 
fittest sequence cannot be maintained in the population. Using the expression q = (1 − u)L,  
this inequality can be rewritten as log f0 > −L log(1 − u). However, this expression does not 
provide much insight in its current form. We can further simplify it by assuming small 
mutation rates u ≪ 1, such that log(1 − u) ≈ −u, and by assuming that the fitness advan-
tage of the master sequence is not too large nor too small such that log f0 ≈ 1. With these 
assumptions, the error threshold condition reduces to the succinct expression

 
u

L
< 1  (17.9)
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This is the central result we were after. This error threshold places an upper limit on the 
maximum mutation rate compatible with adaptive selection. Adaptation requires that 
on average, at least one perfect copy must be made per replication event. Therefore, for a 
sequence of L symbols, the probability of producing an error when replicating a symbol 
must be less than 1/L. Stated another way, Equation 17.9 states that the maximum mutation 
rate must be less than the inverse of the genome length. If the genome size or the mutation 
rate rises above this limit, the result is an accumulation of mutants in the population at the 
expense of the master sequence. Systems that cross the error threshold experience an error 
catastrophe (an extinction event due to excessive mutation), where selection cannot retain 
the fittest variants within the population.

Information content scales with the length of a sequence; therefore, the error threshold 
places stringent limits on the amount of genomic information that may be reliably propa-
gated from generation to generation for fixed mutation rate. Extant organisms can have 
large genomes due to the low mutation rates enabled by the presence of efficient error-
correcting enzymes. These enzymes provide mechanisms of proofreading and mismatch 
repair during the copying of genetic material. Mutation rates vary among species and even 
among locations within the genome of the same organism. Many organisms and most 
viruses have mutation rates that place them at the border of the error threshold, such that 
their mutation rates are as large as possible while still permitting an adaptive response. 
Mutation rates vary from as low as 1 error per 100 million (10−8) to 1 billion (10−9) bases, 
primarily in bacteria, to as high as 1 mistake per 100 (10−2) to 1000 (10−3) bases in viruses. If 
DNA repair were perfect with no mutations ever accumulating, there would be no genetic 
variation and thus no genetic diversity to fuel evolution. Thus, the mutation rate of an 
organism represents an evolutionary trade-off, or compromise, between the need to reduce 
the frequency of harmful mutations and the need to sustain sufficient genetic diversity 
support evolution. It remains an open question as to the extent to which the mutation 
rates of extant organisms (and viruses) are optimized for evolvability (see, e.g., Q5 under 
Review Question).

The error threshold introduces a paradox in our understanding of the origin of life. 
In the absence of error-correcting enzymes, the error rate of nucleic acid replication is 
at best approximately 1 mistake per 100 (10−2) bases. Thus, according to Equation 17.9, 
the maximum genome size, in the absence of error correction, is at most a few hundred 
digits.* A  paradox arises because the enzymes required for error correction cannot be 
encoded in such short molecules. This dilemma, known as Eigen’s paradox, may succinctly 
be stated as “no error-correcting enzymes without a large genome, and no genome without 
error- correcting enzymes” (Maynard Smith, 1983). More colloquially, Maynard Smith has 
referred this to as the catch-22 of molecular evolution.

The Eigen paradox presents a significant hurdle any viable model for the first replicating 
biopolymers must cross, but there are several possible resolutions. Eigen’s own solution 

* Viruses, as noted earlier, can get by with high error rates of order 1 mistake per 100. However, we must note that viruses 
co-opt the translation machinery of cells to reproduce. Information specifying the translation machinery is replicated 
with an error rate commensurate with that of the host organism; thus, even viruses rely on efficient error correction, 
albeit in an indirect manner.
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was the introduction of the hypercycle, a set of mutually catalytic molecules, each capable 
of self-replication and catalyzing the replication of another member of the set as shown in 
Figure 17.6.

Eigen reasoned that by sustaining stable coexistence of multiple quasispecies, each with 
short lengths (below the error threshold), diversity could be maintained within a popula-
tion while averting an error catastrophe. However, hypercycles are unstable systems and 
undergo oscillatory behavior in the population size of replicators for sets of four or more 
cooperative catalysts. This instability leads hypercycles to be vulnerable to perturbations, 
including those introduced via mutation of members of the hypercycle and through para-
sitism by other replicators, both of which lead to collapse of the hypercycle.

More recently, Kun et al. have looked for resolutions to the Eigen paradox by more 
closely studying the physical properties of RNA fitness landscapes (Kun et al., 2005). In 
the above, we calculated the error threshold for the limiting case where all bases contribute 
equally to the fitness of the genome. However, in reality, mutation of different bases will 
differentially impact the function of an RNA molecule, and the error threshold will there-
fore depend on the shape of the fitness landscape. In particular, the information that must 
be preserved through the replication process is not the sequence information per se, but 
the functionality of the molecule. In RNA fitness landscapes, neutral mutations can lead to 
changes in the genotype that do not lead to a corresponding change in the  functionality of 
the molecule (its phenotype). That is to say that many related sequences will yield similar 
folded structures and thus similar functionality. Thus, the mapping of genotype to pheno-
type is not 1:1, as we assumed in our overly simplistic derivation. Taking the phenotype of 
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FIGURE 17.6 Hypercycle is a set of mutually catalytic molecules, each capable of self-replication 
and catalyzing the replication of another member of the set. Shown is a hypercycle with four coop-
erative catalysts; arrows indicated catalytic interaction.
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a molecule into account, the error threshold for real ribozymes (catalytic RNA molecules) 
has been shown to rise to lengths as much as several thousand nucleotides (Kun et al., 2005). 
This is sufficient for a putative riboorganism to persist with a sizeable genomic inventory 
of a few thousand bases, even in the absence of modern protein-based error-correcting 
enzymes. Further studies are necessary to understand the implications of a relaxed error 
threshold for other plausible primitive genetic polymers, whose fitness landscapes are yet 
to be mapped.

The relaxation of the error threshold is permissible because what really counts is not 
strictly the sequence information, but instead the function of a biopolymer. For much of 
the foregoing discussion, we have implicitly assumed that all of the relevant information 
for the operation of biological systems is quantified by the number of bits in biopolymer 
sequences as quantified by their Shannon information content. However, Shannon infor-
mation content quantifies the number of bits necessary to specify the sequence of a bio-
polymer, without reference to its biological function. By looking at the properties of real 
fitness landscapes and not blindly accepting the limits imposed on informational hered-
ity by considering only sequential (Shannon) information content, we have inadvertently 
stumbled into the territory discussed in Section 17.1. That is, we have come to the point 
where we must address the functional and semantic aspects of biochemistry and the nature 
of biological information.

17.6 WHAT IS BIOLOGICAL INFORMATION?
In addressing the nature of biological information, it is much easier to state what it is not, 
rather than what it is. In particular, while it is true that the Shannon definition of informa-
tion is legitimate and useful in many areas of biology, we have already seen hints that it 
does not fully capture the essence of biological information. We will use one more example 
to bring this point home, by assessing if Shannon information correlates with biological 
function.

Chen and Schindlinger have provided a nice analogy from music to illustrate how selec-
tion for function could correlate with selection on Shannon information content (see Chen 
and Schindlinger, 2010). Music relaying maximum Shannon information content is exem-
plified by the 12-tone technique (aka dodecaphony), a method of composition developed by 
Arnold Schoenberg in the early twentieth century, in which all 12 notes are sounded equally 
with no emphasis on any one particular note. While those in the art world may appreciate 
this style of music, most listeners prefer a tonal aesthetic where a particular key is chosen 
(emphasizing particular notes above others). Popular songs are usually in a key and thus 
have lower Shannon information content than compositions implementing the 12-tone 
technique. However, the opposite extreme of minimal Shannon information is also typi-
cally viewed as not being aesthetically pleasing. Selection in this case is for the function 
of listener enjoyment. While there are clear trends, the correlation between the function 
of listener enjoyment and Shannon information is tenuous and not readily defined. Chen 
and Schindlinger provided the counter example of the repeating note in Antonio Carlos 
Jobim’s “One Note Samba,” which serves the function of listener enjoyment despite its low 
Shannon information content.
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Like with these examples from music, on first inspection, it appears that functionality 
is associated with biopolymer sequences that have relatively high, but submaximal, infor-
mation content. Proteins, for example, are composed of an alphabet of 20 possible amino 
acids (with few exceptions), but are rarely composed of nearly equal numbers of all 20 
amino acids. (For example, start [TUG] and stop [TAA, TAG, and TGA] codons appear 
only once in a gene sequence.) Many proteins contain repeat elements that are necessary 
for their function, but reduce their Shannon information content relative to the maximal 
probable value. For instance, leucine zippers are a common 3D protein structural motif, 
typically involved in regulating gene expression, which consist of multiple leucine spaced 
at approximately seven-unit intervals. The repeating leucines yield a hydrophobic region 
along one side of the protein, where it can zip up with a complimentary protein that also 
has a leucine-rich region. Due to the predominance of leucines over other species of amino 
acid in the sequence of a leucine zipper, proteins containing such a zipper have submaximal 
Shannon information content. Like selection for listener enjoyment, selection for function 
in biopolymers does not necessarily select sequences with maximum Shannon entropy. 
In fact, more generally, biopolymer function does not appear to readily map to Shannon 
information content. It is therefore at present unknown if (and if so, how) Shannon infor-
mation content is correlated with biological function.

Due to the limitations of the Shannon measure when it comes to quantifying func-
tion in biology, various other measures of biological functional information have 
been proposed. One such measure, readily applicable to chemical systems, is the 
functional information measure of Hazen et al. (2007) who define functional infor-
mation content as

 I E F Ex x( ) log[ ( )]= −  (17.10)

This is calculated with reference to a specific function (i.e., catalytic activity of an RNA 
ribozyme), labeled as x, where Ex is a specific degree of that function (i.e., efficiency of a 
ribozyme catalyst). This measure is closely related to the Shannon measure of informa-
tion; however, an important distinction is in the definition of the probability distribution 
in the logarithm. In the case of the Shannon measure we studied in Equation 17.1, the 
probability distribution pi was over all possible states, for example, all letters of the defined 
alphabet. Here, the probability distribution F(Ex) is instead over the specified degree of 
function. In words, F(Ex) is a probabilistic measure of the small fraction of all possible 
configurations of a system that achieve the specified degree of function given by Ex. In this 
case, functional information is thus defined by the probability that an arbitrary configura-
tion of a system will achieve a specific function (x) to a specific degree (Ex). Applying this 
measure to artificial genomes and biopolymers has demonstrated distinctive step features 
in plots of information versus function (Hazen et al., 2007). These islands of function 
represent distinct solutions to functional optimization with different maximum degrees 
of function.

While this seems promising as a framework for defining biological functional infor-
mation, this definition carries with it an important caveat: calculating the functional 
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information content requires a precise definition for Ex in a given system. One must 
therefore know a priori both the function and the specified degree of functionality 
before calculating information content. Therefore, while the measure may be useful for 
in vitro and in silico experiments where function and degree are easily defined, it can-
not be the ultimate definition we seek to characterize biological systems of unknown 
function.

We have now encountered three information measures—Shannon information, algo-
rithmic information, and functional information—which each fail to capture the essence 
of biological information. What is it that we are missing? It is at this point that we must 
unpack our earlier discussion of biological information as manifest in the expression of 
information, the execution of programs, and the interpretation of codes and address its 
deeper consequences for the emergence of life.

17.7  PARADOX OF SELF-REFERENCE, SELF-REPLICATING 
MACHINES, AND LIFE

Consider again as an example the nature of genetic information encoded in DNA. 
A genome provides a (mostly) passive access on demand database, which contributes 
biologically meaningful information by being read out to produce functional noncoding 
RNAs and coded proteins. The biologically relevant information stored in DNA therefore 
has very little to do with the chemical structure of DNA (recall Monod’s gratuité). The cru-
cial point here is that no information is actively processed in the DNA alone. DNA provides 
a set of instructions—a genetic program—and the processing of those instructions are dis-
tributed throughout a myriad of molecular machinery in the cell. The expression of DNA is 
subject to control by some of this machinery (e.g., gene silencing via methylation). Thus, the 
current functional state of a living system—that is, the relative level of gene expression—
depends on the composition of the proteome, environmental factors, etc., that regulate 
the expression of individual genes. It is those same genes that dictate which proteins are 
expressed and as such dictate the future state of the system. Neither subsystem—genotype 
(genome) or phenotype (proteome)—acts in isolation.

More colloquially, the dynamics presented by this overly simplified example is often 
referred to as a chicken-or-egg problem, where the cause and effect of genotype and pheno-
type cannot be determined since each is a cause for the other. Such dynamics is well known 
from the paradoxes of self-reference. Picture, for example, the artist M.C. Escher’s Drawing 
Hands where each of a pair of hands is drawing the other with no possibility of separat-
ing the two: it is unclear which hand is the cause and which is the effect. Another example 
comes from music in the form of the fugue, a style of composition where a subject (e.g., a 
recognizable melody) is introduced at the start of a piece and subsequently is recapitulated 
at the end of the piece such that you end up where you started. Masters of the style, such as 
Bach, are so artful in their composition you might feel as though you are traveling along 
a Mobius strip to listen to their fugue and be unable to tell if you had just started or just 
completed your journey. The crux of the problem in defining the role of information in liv-
ing systems is that life behaves much the same way as Escher’s drawings and Bach’s fugue 
and is replete with self-reference (Hofstadter, 1979).
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The mathematician John von Neumann provided one of the earliest treatments of this 
puzzling aspect of life. von Neumann is famous for his work on the foundations of com-
puting, game theory, and quantum mechanics among others. In his later years, one of 
the problems he most liked to ponder was how to build a machine to perform any physi-
cal task—including building itself. He thus sought to design a self-replicating automaton, 
machines now referred to as von Neumann automata. While designing a self-replicating 
machine might sound like a straightforward task, in practice, it is fraught with conceptual 
difficulties, not the least of which are the paradoxes associated self-reference.

von Neumann devised an abstract machine called a universal constructor (UC), 
a machine capable of taking materials from its host environment to build any possible 
physical structure (consistent with available resources and laws of physics) including itself. 
However, UCs are mindless robots and must be told very specifically exactly what to do in 
order to build the correct object(s).* The UC therefore requires a blueprint of itself in order 
to replicate. And herein lie the challenge; the blueprint must contain a blueprint of the UC 
blueprint to be copied (i.e., it must reference itself). But this would only allow the machine 
and blueprint to be copied once, so the blueprint must contain a blueprint of the blue-
print, which contains a blueprint of the blueprint ad infinitum, for the copying to proceed 
over successive generations. To avoid the logical fallacy presented by blueprints all the way 
down, von Neumann recognized that the blueprint must provide a set of instructions—or 
a program—for the operation of the UC, rather than an exact description of the UC and 
blueprint. The blueprint could then be blindly copied without reference to the instruc-
tions it contains. This dual role is familiar from the role of DNA in modern life, where the 
genome acts both passively as a hereditary structure to be copied and actively as a source 
of instructions (the genetic program). Thus, von Neumann discovered a route to managing 
the paradox of self-reference that living organisms seem to manage quite well.

To a rough approximation, all known life functions as a von Neumann automaton, where 
DNA provides the blueprint and ribosomes act as the core of the UC. What is remarkable 
about von Neumann’s self-replicating automata is how closely they parallel the operation 
of living systems even though von Neumann formulated his ideas before the discoveries of 
modern molecular biology. Instead, his only tool was logic. The logic von Neumann followed 
was inspired by the work of Turing on universal computation. von Neumann’s quest for a 
self-replicating machine therefore provides a bridge between the realm of the living and the 
foundations of computing that could provide insights into the question we posed at the very 
beginning: are informational concepts necessary to understand the phenomenon of life?

17.8  LIFE, THE FOUNDATIONS OF COMPUTING, 
AND THE HARDWARE–SOFTWARE DICHOTOMY

Turing is credited with founding the fields of computer science and artificial intelligence, 
catalyzing the information revolution of the twentieth century. His most impactful con-
tribution was the formalization of computation with his model of a general-purpose 

* von Neumann was inspired by Turing’s work on universal computers, that is, computers that, given sufficient time, can 
output the results of any computable function. He thus designed the UC in close analogy with a universal computer.
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computer—the universal Turing machine (Turing, 1937). Turing showed that it is possible 
to build a simple computer, which given enough time could output any computable func-
tion. Conceptually, a Turing machine is a simple device, consisting of a tape containing 
symbols and a machine that can read and write symbols on the tape, one at a time. In 
the words of Turing, “At any moment there is one symbol in the machine; it is called the 
scanned symbol. The machine can alter the scanned symbol and its behavior is in part 
determined by that symbol…” (Turing, 1948). The important piece is this last part—that 
the behavior of the machine is in part determined by the scanned symbol.

Recall our discussion of self-reference in living systems in the previous section where we 
discussed how the time evolution of the genotype–phenotype dichotomy depends, much 
like a Turing machine, on both the current state (composition of the proteome, environ-
mental factors, etc.) of the cell and the expressed genes. Biological systems appear to be 
reading in symbols that in part affect their behavior. This suggests that biology is doing 
more than just passively using information; a living cell is actively executing programs. If 
the analogy with computation is apt, living cells must have a program or software stored 
in the underlying biochemical hardware. This software is not stored in any individual 
 molecule—it is not in the DNA alone—but distributed throughout the cell. Thus, unlike 
with a computer where the software may be confined to a tape, it is difficult to disentangle 
software from hardware in a biological system: all biochemical circuitry encodes some part 
of the software in biology. This brings us to an important debate on the origin of life—did 
the software or hardware come first (Walker and Davies, 2013)?

Before addressing this debate, let us first take a detour to discuss yet another dichotomy 
in the origin-of-life research—the debate between genetics-first and metabolism-first sce-
narios. Traditionally, origin-of-life theorists have tended to split into two camps: those 
who stress the origin of genetics and those who stress the origin of metabolism. In infor-
mational language, genetics and metabolism may be unified under a common conceptual 
framework by regarding metabolism as a form of analog information processing, to be 
contrasted to the digital information of genetics. Digital systems are distinguished by their 
use of discrete, discontinuous representations of information, as is the characteristic of 
the information coded in genes (with a discrete nucleotide alphabet). In contrast, analog 
systems are characterized by continuous representations of information, as exemplified by 
the expression level of proteins and the concentration of metabolites in a cell. The debate 
between metabolism first and genetics first may be ill posed; in much the same way that 
genotype and phenotype cannot be disentangled, metabolism and genetics are not sepa-
rable in known life. While these two pictures may differ in the representation of informa-
tion, they both concentrate on the hardware of life, that is, they are concerned with the 
chemistry.

In contrast, a software-based view of the emergence of life is consistent with the idea 
of information transfer whereby primitive living systems based on rudimentary chemi-
cal hardware may have undergone a hardware upgrade (or a succession of upgrades) to 
arrive at the biochemistry we observe today. We saw an example of this with information 
transfer between genetic polymers. An even more drastic transition could involve infor-
mation transfer between radically different chemical systems and not just nucleic acids. 
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Graham Cairns-Smith, for example, has proposed that genetic information was  originally 
encoded in inorganic clays, where growth of clay crystals enabled replication and 
 mutation—and thus evolution (Cairns-Smith, 1985). Cairns-Smith goes on to describe 
genetic takeover of these primitive life-forms whereby genetic information encoded in clays 
eventually transitioned to being stored in more familiar organic genetic polymers leading 
to the evolution of life we would recognize today. Thus, although the software of life must 
be instantiated in a physical media (i.e., chemistry) in this picture, the software preceded 
the hardware of life as we now know it.

However, life does not simply accumulate and store information in chemical hardware: 
it processes it. Thus, software-based pictures should be concerned with more than just the 
sequential transfer of (Shannon) information. Some form of chemical hardware must have 
initiated the processes leading to life’s emergence; however, the lifelike attributes of this 
hardware were a result of information taking on an active role. In such a system, it is the 
software that will be preserved over geological timescales and not the exact hardware.*

Under an informational software-based view, the essential transition in driving the 
emergence of life from nonliving matter is the decoupling of software from hardware, such 
that informational language (e.g., programs, symbols, messages) begins to apply and pro-
vides appropriate descriptors of physical phenomena without needing to explicitly reference 
the underlying chemistry. In effect, asking when software emerges is another way of stating 
our earlier question: at what level does language, programs, and symbolic representation 
emerge from chemical interactions? The emergence of these attributes was likely critical 
transitions in the early evolution of life (e.g., the evolution of the genetic code). Explicitly 
taking into account the software, or program, as an active contributor to the functioning 
of life may therefore be an important factor in pinpointing life’s origins that goes beyond 
than the substrate-based chemical narrative in identifying the essential transition(s) on 
the pathway from nonliving to living matter. Thus, just as the genetic code may never have 
been deciphered if the coding analogy had not been applied, identifying the key steps in the 
pathway to life may require application of information-based concepts. The utility of this 
approach is that it will apply to life-forms based on any chemistry (not just the chemistry 
we observe in extant life) as the informational principles underlying biological organization 
could be universal to any life we encounter, even if based on a radically different chemistry.

17.9 CONCLUSIONS
As with many of the most compelling scientific endeavors, we have left more questions open 
than answered. New approaches to understanding life’s origins are needed to finally resolve 
the debate about whether the answer to how life emerged from nonlife will ultimately come 
from chemistry or information-based formalisms or, more likely, some combination of 
both. Perhaps, the answer to this question will be inspired by future technologies, as our 
current information-based understanding of the operation of biological systems has been 

* For example, the chemistry of life is continually regenerated—we inherit genetic information from our parents cop-
ied in newly formed DNA; it is not the original DNA molecule that is inherited down a line of descent but the copied 
information.
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by current technology. Or perhaps, the answer will come from uncovering genuinely new 
principles underlying how living matter first emerged that might in turn inspire the next 
technological revolution.

GLOSSARY
Algorithmic information: A measure of the complexity of a given sequence, calculated 

as the compressibility of a computer program whose output is the sequence of 
interest.

Error threshold: Mutation rate whereby accumulation of errors becomes so great that the 
fittest sequence cannot be maintained in a quasispecies population.

Functional information: A measure of information capturing the probability that an arbi-
trary configuration of a system will achieve a specific function to a specific degree.

Genetic code: The mapping between information stored in DNA and the composition of 
the translated protein.

Hypercycle: A set of mutually catalytic molecules, each capable of self-replication and 
catalyzing the replication of another member of the set.

Master sequence: The fittest sequence in a quasispecies population, representing the most 
efficient replicator.

Mutation: A change in the nucleotide sequence (Shannon information content) of a 
genome.

Quasispecies: An ensemble of related genomic sequences that are rapidly mutating.
RNA world hypothesis: A hypothesis suggesting that RNA played the role of genetic 

information carrier and the only genetically encoded catalyst in early life.
Self-reference: When a sentence, an idea, or an object refers to itself in natural or formal 

language.
Semantic information: The set of relationships between individual characters used to 

construct a message and what they stand for, that is, the meaning of a message.
Shannon information: A syntactic information measure that quantifies the average num-

ber of bits needed to store or communicate a character in a message.
Syntactic information: The relationship between individual characters used to construct 

a signal or message.
Wild-type sequence: See master sequence.

REVIEW QUESTIONS
Q1:  In the text, we discussed mechanistic, thermodynamic, and information-based pic-

tures of the universe and noted that life could also be described in each of these 
frameworks. Describe for each what aspect of living systems a mechanistic, thermo-
dynamic, and information-based picture might focus on.

A1:  A mechanistic view would focus on the substrate, or chemistry of life, and define the 
interactions among chemical components like gears in a machine. A thermodynamic 
picture would focus on energy flows through biological systems and how useful energy 
is converted to work. An information-based picture would focus on the expression 
and translation of biological programs, as discussed throughout this chapter.
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Q2:  The chemist Steve Benner has proposed that life could be based on an expanded 
genetic alphabet with a larger number of possible nucleotides than observed in known 
life (Geyer et al., 2003). The chemical rules of combination dictate that for Watson–
Crick base pairing (the chemical mechanism for pairing DNA bases G:C and A:T in 
biological systems), the total possible number of bases is at most 12. If an alien or 
engineered life-form were to use all 12 possible bases, how much more information 
per base could its genome contain than known life with just 4 bases?

A2:  The Shannon information content would be log2 12 = 3.58 bits, representing an 
increase of 1.58 bits per base over the standard genetic alphabet.

Q3:  What is the information content of an individual amino acid within a protein if all 
20 amino acids are equally likely? Compare this to the case calculated in the text for 
DNA, which carries 6 bits of information per triplet codon. Why is there a discrep-
ancy between the potential information content of DNA and proteins? What advan-
tage does a degenerate code confer? (Hint: Look at the amino acid codon assignments 
in Table 17.1.)

A3:  The information content of one amino acid, if all are equally likely, is log2 20 = 4.32 bits 
of information, representing a drop in Shannon information content of 1.58 bits below 
that of the triplet codon alphabet. The discrepancy arises because of the degeneracy 
of the genetic code. A degenerate code is beneficial because it reduces the impact of 
mutational error: if two codons are closely related and code for the same amino acid, 
a mutation substituting the second codon for the first will not affect the sequence, and 
hence the functionality, of the expressed protein.

Q4:  There are many hypotheses about how the genetic code may have evolved. One such 
hypothesis posits that the triplet genetic code may have been preceded by a doublet 
code, where each codon was composed of only two bases. The maximal number of 
possible codons for a doublet code is 42 = 16. Thus, for the case where no doublet 
codons are degenerate (i.e., no amino acids are encoded by more than one doublet 
codon), only 16 coded amino acids are possible. A doublet code would therefore not 
work for modern life, which uses a set of 20 coded amino acids. However, there is no 
fundamental limit in the opposite direction that would dictate a maximum codon 
size. Many researchers have therefore suggested that life could utilize a quadruplet 
code rather than a triplet code. What is the maximum number of amino acids that 
could be encoded in a quadruplet code? What is the maximum Shannon information 
content per quadruplet codon?

A4:  The number of quadruplet codons is 256; thus, the maximum number of amino acids 
that could be encoded in a quadruplet code is 256. The Shannon information per qua-
druplet codon is log2 256 = 8 bits.

Q5:  The mutation rate per nucleotide per generation for the RNA virus Qβ is estimated 
to be approximately 1.5 × 10−3. Estimate the maximum genome length permitted by 
the error threshold for Qβ, and compare it to the genome length of 4.2 × 103 bases. 
How does the actual length of Qβ compare to that permitted by the error threshold? 
Why might the length of the Qβ virus not agree with that predicted by error threshold 
theory?
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A5:  The maximum size for a Qβ viral genome permitted by the error threshold is roughly 
667 bases. This is far less than the observed genome length, indicating that Qβ sur-
vives beyond the error threshold! Possible explanations include a complex fitness 
landscape (i.e., in the mapping of genotype to phenotype as discussed in the text) or a 
high rate of adaptability. However, the high rates of Qβ mutation that push it beyond 
the error threshold are currently unexplained.
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Extraterrestrial Life
What Are We Looking For?

Dirk Schulze-Makuch, Louis N. Irwin, 

and Alberto G. Fairén

18.1 PROBLEM OF FINDING EXTRATERRESTRIAL LIFE
At the present time, our entire science of biology is based on the life we know on Earth, 
which came into existence (or was introduced) under conditions peculiar to the early envi-
ronment of our planet. We cannot be sure as to which of the existing components—the 
catalysts, membranes, genetic system, or metabolism—are unique solutions to problems 
inherent in the very nature of life and which are local solutions dictated by the geochemical 
circumstances of the early Earth (Shapiro and Schulze-Makuch, 2009). If the latter situation 
is the case, which seems to be supported by laboratory work and simulations, the discovery 
of another form of life with an alternative biochemistry is distinctly possible and would 
be a revolutionary event in the history of science. A discovery of this magnitude, however, 
will be less likely as long as we concentrate only on the details displayed by life on Earth. 
With this in mind, our search for extraterrestrial life must take into account the alternative 
planetary histories that could lead to forms of life unknown, as well as those known, to us.
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18.2 EXTRATERRESTRIAL LIFE AS A FUNCTION OF ITS ENVIRONMENT
Life and its environment cannot be separated. This fact is clearly shown by the three terres-
trial planets, Earth, Venus, and Mars, in our solar system. Earth, Mars, and also potentially 
Venus had liquid water on their surfaces early in their geological histories, indicating hab-
itable conditions and the possible presence of life at that time. However, drastic environ-
mental changes took the three planets in very different directions (Schulze-Makuch et al., 
2013). Venus became a runaway greenhouse planet; any liquid water on its surface evapo-
rated, with only traces of water remaining in the atmosphere. Earth underwent various 
rapid and drastic environmental changes, ranging from snowball Earth events to hothouse 
conditions, with liquid water and life today being abundant in its subsurface, on its surface, 
and, at least transiently, in its atmosphere. Mars lost its presumably thicker atmosphere 
and developed into a very cold and hyperarid icehouse world, with permanent liquid water 
today only possibly present in the subsurface. These drastic and diverse environmental 
changes affected the habitability of Venus, Earth, and Mars in markedly different ways.

18.2.1 Example 1: The Venusian Atmosphere

The Venusian climate today is controlled by a carbon dioxide–water greenhouse effect and 
the radiative properties of its global cloud cover (Huang et al., 2013; Figure 18.1). Ambient 
surface temperatures exceed 460°C, resulting in an extremely desiccated crust (Marcq 
et al., 2013). Most of the planet is covered by lava flows and volcanic terrains, although 
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FIGURE 18.1 Atmospheric structure of Venus with massive inventory of CO2 and sulfuric acid 
clouds that reflect about 80% of the Sun’s radiation. The 20% that gets through the clouds is 
absorbed along with the emitted infrared energy from the surface by the dense CO2 at lower levels. 
Only from the lower cloud deck up (at about 48 km) is the temperature cool enough for the stability 
of organic compounds and possible microbial life.
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some of the channels dissecting the volcanic landscape have been suggested to be water 
related (Walker et al., 1981). The actual timing of the climatic shift from a habitable early 
Venus to the baked and desiccated surface of today is unclear (Schulze-Makuch and Irwin, 
2002), with estimates ranging from a few hundred million to 2 billion years (Van Thienen 
et al., 2004). The atmospheric change is thought to have occurred gradually due to a posi-
tive feedback loop that amplified the greenhouse effect (Bézard et al., 2009). The loss in 
surface water would have prevented the formation of carbonates, with the result that vol-
canic outgassing increased CO2 partial pressures to the point of producing the runaway 
greenhouse (Svedhem et al., 2007). If plate tectonics were active on early Venus (Limaye 
et  al., 2009), they likely ceased to exist as lubricants boiled away. The evaporated water 
then dissociated in the atmosphere, with hydrogen escaping to space and oxygen forming 
sulfur oxides in the atmosphere and various other oxides with surface rocks (Marcq et al., 
2013). Water vapor concentrations in the lower atmosphere today are at a scarce 44 ± 9 ppm 
(Bézard et al., 2009).

Today, Venus has a thick carbon dioxide–nitrogen atmosphere with little water, and 
the planet has no water in any form on the surface. Venus is gravitationally locked into 
near synchrony with the Sun, with one rotation of its axis taking longer than one orbit 
around the Sun. Nevertheless, surface temperatures on the planet’s daytime and nighttime 
are nearly identical, because of the high heat conductance of an atmosphere many times 
denser than Earth’s. The upper atmosphere is super rotating, circling the planet in 4 days 
with wind speeds up to 100 m/s (Svedhem et al., 2007). Circulating vortices deep within 
the planet’s atmosphere, with dynamical and morphological similarities to terrestrial hur-
ricanes, appear to maintain the superrotation (Limaye et al., 2009). H2S and SO2 have been 
found together in the Venusian atmosphere. Since these two compounds react with each 
other, there must be a yet unidentified mechanism producing them. Venus Express results 
also confirm latitudinal variation of another sulfur compound, COS, at concentrations of 
about 2–4 ppm in the troposphere that are anticorrelated to CO concentrations (Marcq 
et al., 2013). One surprising recent result was the detection of an ozone layer at an alti-
tude of about 100  km (Montmessin et  al., 2011), hundreds of times less dense than on 
Earth, but possibly indicating that some of the same key chemical reactions occurring in 
Earth’s stratosphere may also operate on Venus. The most earthlike conditions that can 
be found today on Venus are in the lower cloud layer of the atmosphere. If water exists 
in the subsurface, it has to be in a supercritical state (Schulze-Makuch and Irwin, 2002) 
incompatible with the structural stability required of macromolecules in living systems. 
In the lower cloud layer, however, where temperatures range from about 300 to 350 K, the 
pH is approximately 0, and the pressure is about 1 bar; water vapor concentrations of up to 
several hundred ppm are found (Montmessin et al., 2011). Due to the thickness and super-
rotation of the Venusian atmosphere, particles of micrometer dimensions have much lon-
ger residence times than in Earth’s atmosphere, on the order of months compared to days 
(Schulze-Makuch et al., 2004). If microbial life on Venus ever gained a foothold, either by 
independent origin or by panspermia from Earth, thermoacidophiles could have evolved 
as the surface waters turned warmer and more acidic and then retreated to the large liquid 
droplets of the lower cloud layer, where they might still float as microbial extremophiles 
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today (Schulze-Makuch and Irwin, 2008), provided that the changes occurred slowly 
enough for microbial life to adapt to an airborne state. It is important to understand the 
climate history of Venus to elucidate what the original water endowment of Venus was, 
as this has a profound implication on how benign the environmental conditions of Venus 
were in the past and whether they were consistent with the requirements of life (Taylor and 
Grinspoon, 2009).

18.2.2 Example 2: The Martian Near-Surface Environment

From its origin like Earth as a rocky planet endowed with standing reservoirs of liq-
uid water, Mars evolved into the very different, cold, and hyperarid planet it is today 
(e.g., Fairén, 2010). Too small and too far from the Sun to hold a significant atmosphere and 
be kept consistently warm, the oceans of water evaporated and were largely lost to space, but 
partly became sequestered beneath the surface. A very thin atmosphere of mostly carbon 
dioxide registers a mean pressure of only 6 mb today. Due to the thin atmosphere, surface 
temperatures vacillate considerably, from about −100°C at night to up to +25°C during the 
summer days near the equator. Surface liquid water may appear in highly restricted loca-
tions under special circumstances (Haberle et al., 2001), but has not yet been detected since 
doing so has become technically possible.

Mars is thought to have become a very cold desert about 3.7–3.8 Ga ago, after the endo-
genic activity steadily decreased, the magnetosphere collapsed, and the atmosphere and 
hydrosphere were mostly lost to space (Fairén et al., 2010). Also, around that time, what-
ever plate tectonic activity had been occurring probably ceased (Fairén and Dohm, 2004). 
However, the long-persistent hyperarid state was punctuated by short-duration episodes 
(~104–105 years) of considerably wetter conditions (Baker et al., 2005; Fairén, 2010). These 
episodes appear to have been induced by magmatic-driven activity at Tharsis and Elysium 
(Fairén et al., 2003) triggering cataclysmic outbursts of huge floods that carved the Martian 
outflow channels and led to temporary water bodies ranging from lakes to oceans (Baker 
et al., 1991; Fairén et al., 2003; Fairén, 2010). Further, cycles of exaggerated tilting of the 
Martian axis (Jakosky et al., 1995) resulted in the redeposition of water–ice accumulations 
from the pole to the equator and vice versa (Levrard et al., 2004). Major impacts on the 
surface of Mars, like those that formed the Hellas, Argyre, and Isidis basins, surely melted 
frozen reservoirs and released subterranean water on a global scale. These periods must 
have been accompanied by a thicker atmosphere, leading to a transiently warmer planet 
with conditions more likely to be habitable. The scenario that thus emerges for Mars is that 
of a planet that has been cold and dry for most of its history, with the possible exception 
of the first few hundred million years. During these earlier times, Mars was already cold, 
albeit warmer than today, and certainly wet (Fairén, 2010; Figure 18.2). The overall trajec-
tory toward a colder and drier planet, however, has been punctuated by (1) sporadic global 
flooding triggered by episodic volcanisms and asteroid/cometary bombardment (Segura 
et al., 2002; Toon et al., 2010) and (2) localized flow from snowmelt or groundwater erup-
tions (Mangold et al., 2004). Many surface features on Mars are consistent with this pic-
ture, both for catastrophic flooding (Toon et  al., 2010) and local sapping or seepage of 
groundwater (Grant, 2000).
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Even today, the existence of near-surface liquid water is indicated by distinctive features, 
such as numerous small gullies likely generated by surface runoff down hilly slopes or 
eruptions near the crest of canyon walls (Mellon and Phillips, 2001). Organics are prob-
ably present on the surface on Mars only in oxidized form (Benner et al., 2000), but locally 
limited habitable areas might exist not far beneath the surface. Life, whether it originated 
on Mars or was brought there by panspermia from Earth (Fairén and Schulze-Makuch, 
2013), would have followed the liquid water and could still be present in subsurface and 
near-subsurface niches today.

Given that life on Earth originated at least 3.5 billion years ago (Schidlowski, 1988; 
Mojzsis et al., 1996), and that Earth and Mars shared similar environmental conditions 
early in their histories, it seems reasonable to speculate that life on Mars originated during 
its earlier warmer and wetter Noachian Eon. If so, as the planetary conditions became drier 
and colder (Fairén, 2010), the biosphere would have had to adapt accordingly and retreat to 
the subsurface, where locally habitable conditions would have still prevailed (Figure 18.3). 
Microorganisms may have retreated to the deep subsurface, beneath the ice sheets and per-
mafrost, pursuing a psychrophilic lifestyle and scavenging organic nutrients still accessible 
there. Or, microbes, and possibly larger commensal or independent organisms feeding on 
them (Irwin and Schulze-Makuch, 2011), may have retreated to remaining favorable niches 
on or near the surface, such as hydrothermally active areas (Schulze-Makuch et al., 2007) 
and caves (Léveillé and Datta, 2010).
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FIGURE 18.2 Schematic representation of land–ocean–atmosphere interactions associated with 
the presence of a long-term hydrological cycle on Mars under a very cold climate. S, sublima-
tion; E, evaporation; M, meltwater; R, runoff; OF, outburst flooding; G, groundwater flow systems 
recharge. The cycle would have been active with an atmospheric pressure over ~1 bar and associ-
ated greenhouse effect raising temperatures over ~250 K during the first few hundred million years. 
(Compiled from Fairén, A.G. et  al., Nature, 459, 401, 2009; Fairén, A.G., Icarus, 208, 165, 2010; 
Fairén, A.G. et al., Astrobiology, 10, 821, 2010.)
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Life on Mars could have developed adaptations similar to those known to exist among 
Earth’s extremophiles, perhaps to an even greater degree. They may have evolved dormant 
stages for persisting through long periods of extreme drought and severe cold (Jakosky et al., 
2003; Schulze-Makuch et al., 2005). When conditions grew warmer and wetter, because of 
transient volcanic activity or cyclic tilting of the Martian axis, the latent forms could have 
undergone a sporadic burst of growth and reproduction. Spores, cysts, and other dormant 
stages are common features of organisms on Earth, which enable survival for very long peri-
ods of time when environmental conditions cannot support their proliferative stages. In 
theory, spores can stay viable for an indefinite length of time, expending little if any energy 
(Schulze-Makuch and Irwin, 2008). Thus, organisms on Mars could have adapted to survive in 
this fashion for cold and arid spells lasting tens or hundreds of millions of years—punctuated 
by occasional periods of a few thousand years during which liquid water and warmth were 
available on the Martian surface. The drastically changing environmental conditions on Mars 
would certainly have exerted selective pressure to form such dormant stages of life.

Life on Mars could also have evolved a uniquely Martian adaptation to its cold and arid 
conditions, by using oxidants such as hydrogen peroxide and perchlorates, which became 
abundant after Mars turned cold and dry (Hecht et al., 2009). Incorporation of these com-
pounds would have provided Martian organisms with the ability to lower the freezing point 
of their intracellular fluids, support oxidative metabolism, and absorb water hygroscopically 
from the atmosphere and substrate (Houtkooper and Schulze-Makuch, 2007). Hygroscopicity 
would be especially advantageous, similar to the use of hygroscopic salt crystals for attract-
ing water by organisms in the Atacama desert (Davila et al., 2010). Another advantage of 
these highly oxidative compounds for putative near-surface microbes on Mars would be an 
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FIGURE 18.3 (a) Today, liquid water is present on Venus in the atmosphere only; (b) on Earth, on 
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enhanced ability to counter radiation damage, as the biochemical protective mechanisms 
against both oxidants and the radiation that generates them are complementary.

Thus, the extremophilic adaptations known on Earth, plus some other strategies per-
haps unique to Martian biota, suggest the distinct possibility that life could exist today on 
Mars—though most likely in sequestered and microbial or miniaturized form.

18.2.3 Example 3: Titan, An Exotic World

Titan is the only satellite in our solar system with a substantial atmosphere mainly composed 
of nitrogen. It has many similarities to Earth in respect to atmospheric composition, surface 
pressure, and organic chemistry (Sohl et al., 2014). It is clearly a dynamical planet based on 
recent albedo changes in the Sotra Patera region and extensive surface changes spanning 
more than 500,000 km2 in the wake of a seasonal storm (Turtle et al., 2011). Environmental 
conditions are generally thought to be conducive for life if it can be shown that (1) polymeric 
chemistry, (2) an energy source, and (3) a liquid solvent are present in appreciable quantities 
(Irwin and Schulze-Makuch, 2001), which is the case for Titan. Titan cannot only be consid-
ered a habitable planet today, but the presence of liquid methane presumably improves the 
chances for the origin of life, because the assemblage of organic macromolecules that could 
give rise to life appears to be more straightforward in a hydrocarbon environment (Schulze-
Makuch and Grinspoon, 2005). The biochemistry of an organism in a hydrophobic solvent 
would be quite different though. For example, the miniaturization of cellular life in water on 
Earth may be a misleading model for life in a nonaqueous environment (Schulze-Makuch 
and Irwin, 2008). In an extremely cold, hydrophobic (but liquid) environment, surface/vol-
ume ratio considerations may be less constraining than at higher temperatures in polar sol-
vents, because of the lower viscosity of the solvent and the slower diffusion rates permitted 
by the greatly reduced rate of metabolism. Thus, life on Titan could involve huge (by Earth 
standards) and very slowly metabolizing cells (Schulze-Makuch and Irwin, 2008).

Life also could utilize acetylene to transfer high-altitude solar UV energy to surface 
chemical reactions. Acetylene is produced high in the stratosphere from solar UV radia-
tion and then, for the most part, condenses and falls to the surface (Lorenz et al., 2000). 
Spectroscopic evidence suggests that one by-product of this reaction, methane, is found to 
be isotopically lighter than would be expected from theories of Titan’s formation (Lunine 
et al., 1999) and thus may hint toward microbial fractionation. Thus, a reasonable energy-
yielding reaction for a metabolizing microbe would be the catalytic hydrogenation of pho-
tochemically produced acetylene (Schulze-Makuch and Grinspoon, 2005).

Or, free radical reactions could be used as a basis for metabolism. Raulin (1998) sug-
gested that Titan’s stratosphere is an active site of complex carbon and nitrogen radical 
chemistry. For example, a chemoautotrophic organism could use the following reactions:

 CH2 radical + N2 radical → CN2H2 (18.1)

or

 2CH radical + N2 radical → 2HCN (18.2)
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All reactants have been detected in Titan’s environment based on data from Voyager 1 
(Kunde et al., 1981; Smith et al., 1982), and these reactions would produce a sufficiently 
high energy yield in Titan’s cold environment. The radical reactions (18.1) and (18.2) 
would also produce the biologically important compounds cyanamide and hydrocy-
anic acid, respectively. Life on Titan would thus most likely be quite different from any 
forms of life known on Earth. A variety of organisms thriving in both hydrophobic 
liquids, and in hydrophilic vacuoles or sequestered pockets of ammonia–water mix-
tures, have been envisioned (Irwin and Schulze-Makuch, 2011). Cellular units could 
be expected to be much larger, and metabolic rates much lower, than those known 
on Earth.

18.3 NEW FRONTIER OF EXOPLANETS AND POSSIBLE HINTS OF LIFE
As of this writing, over 1000 exoplanets have been detected, many in solar systems with 
multiple planets (for an update, see http://exoplanet.eu/). This includes now many plan-
ets with minimum masses smaller than 10 Earth masses, meaning that a large fraction 
of them could potentially be terrestrial. Given that we have already a great diversity of 
planetary bodies within our own solar system (from Venus to Triton and Earth to Titan), 
one can only speculate how different environmental conditions might be on worlds we 
have just begun to explore outside of our solar system. Technologies already operational or 
under development are focusing on the discovery of the smaller terrestrial planets, which 
are good candidates for possibly hosting life (Schulze-Makuch et al., 2011). There are dif-
ferent approaches to assess whether an exoplanet may be a good candidate for hosting life, 
which can be based on geoindicators of life or biosignatures of life.

18.3.1 Geoindicators of Life

Geoindicators are markers that are consistent with life, but do not prove that life is pres-
ent on an analyzed planetary body. Schulze-Makuch et al. (2011) discussed the presence 
of geoindicators and proposed a measure, the planetary habitability index (PHI), to assess 
the habitability of exoplanets and prioritize the investigation of planets and moons that 
are likely habitable. The PHI is based on planetary parameters such as the presence of a 
substrate, the availability of energy, a suitable chemical environment, and the availability 
of liquids.

A substrate is important because life tends to thrive at discrete interfaces (Norde, 2003), 
which occur most notably on rocky and icy planetary bodies. Habitability is further favored 
on substrates that are protected from too intense shortwave radiation by an atmosphere.

The availability of energy is critical to life and for planetary bodies in reasonable prox-
imity to a Sun, where energy harvested through light and cyclic oxidation– reduction 
chemistry is possible. While in principle any energy source has to be considered to be 
of possible biological utility, sunlight and chemistry are the most effective sources of 
free energy for driving biological processes (Schulze-Makuch and Irwin, 2008; Schulze-
Makuch and Grinspoon, 2005).

Polymeric chemistry appears to be an essential requirement for life (Westall et  al., 
2000). For a variety of reasons, carbon has the most desirable chemical properties and 
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molecular bonding characteristic for the formation of biopolymers (Schulze-Makuch and 
Irwin, 2008); thus carbon, especially in organic form, is a good geoindicator for the pos-
sible presence of life. In addition, the presence of nitrogen, sulfur, and phosphorus fur-
ther enhances the probability of organic molecules, which makes the presence of complex 
chemistry more likely.

The presence of liquids is favorable for living processes because macromolecules and 
nutrients can be concentrated within a bounded internal environment without immobi-
lizing interaction constituents (Schulze-Makuch and Irwin, 2008). The need for liquids 
is usually taken as a requirement for an aqueous medium, though this is not necessarily 
the case. Liquids in the atmosphere, on the surface, or beneath the surface are a function 
of chemistry, pressure, and temperature and can exist on very cold planetary bodies, 
such as the methane/ethane mixture of Saturn’s moon Titan and other subsurface liq-
uids seen to erupt periodically on worlds like Saturn’s moon, Enceladus, and Neptune’s 
moon, Triton.

18.3.2 Biosignatures

Biosignatures are markers that are a direct consequence of biological activity rather than 
being only consistent with the presence of life. Biosignatures can range from the presence 
of specific molecules such as chlorophyll to fossilized remnants of life.

Chlorophyll is the prime example and can be identified by radiance spectra in the visible 
region (Gordon et al., 1980; Hovis et al., 1980) and by advanced very high–resolution radi-
ometer (AVHRR) measurements (Gervin et al., 1985). In addition, methylhopanoids have 
also been suggested as biomarkers and have the additional advantage of distinguishing 
between cyanobacteria (2-methyl) and methanotrophic (3-methyl) bacteria (Farrimond 
et al., 2004). Other examples of macromolecules that are linked to life include proteins, 
polypeptides, and phospholipids. In general, any macromolecule of a size larger than 500 
Da (protein size) can be considered a biosignature (Schulze-Makuch and Irwin, 2008), 
particularly if those molecules would exhibit a preferred handedness. Chirality, or non-
racemic handedness, is a fundamental property of terrestrial biogenic molecules and thus 
may be used as an indicator of possible extraterrestrial life detectable by remote sensing in 
the near future (Schulze-Makuch and Irwin, 2008). Large macromolecules are not sym-
metrical and thus inevitably exhibit chirality.

Metabolic by-products and end products are well known for organisms on Earth and 
may thus also serve as biosignatures on other planets and moons. They include various 
biochemical compounds such as ATP and lipids and also electron donor and acceptor pairs 
such as Fe3+/Fe2+, NH3/N2, and H2S/S enriched in lighter isotopes. This isotope enrichment 
or fractionation occurs as part of the metabolic reactions for organisms on Earth and may 
also occur for life elsewhere (Schulze-Makuch and Irwin, 2008).

A related biosignature may be the metabolic multistep pathways that run close to equi-
librium for some internal steps, but are coupled to a last step, which is energetically down-
hill, thus pulling the whole reaction to completion (Voet and Voet, 2004). Baross et  al. 
(2007) considered this feature as a possible universal biosignature as it exploits most eco-
nomically a surrounding chemical disequilibrium.
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18.4 CONCLUSIONS
Based on the natural history of life on Earth, life and its environment are intrinsically 
interwoven. This is to be expected on other planets and moons as well if biology plays a 
role. Life, if it ever existed on Mars, Venus, Titan, and other worlds, would differ in form 
and function from the examples we observe on Earth. It will be an even greater challenge 
to find evidence for life on exoplanets as we know even less about the existing environmen-
tal conditions on these faraway places. Yet, some commonalities can be expected, which 
are usable for future searches. These include geosignatures consistent with dynamic worlds 
that have liquids on their surface and possess protecting atmospheres and biosignatures 
that include selected macromolecules and specific isotopic fractionation ratios.

GLOSSARY
Albedo: A measure (reflection coefficient) of how strongly an object reflects light from a 

light source such as the Sun.
Argyre: The second largest impact basin on Mars, up to about 5000 m deep, located in the 

southern highlands of Mars.
Chemoautotrophic: Organisms that obtain energy through metabolizing inorganic sub-

strates and using carbon dioxide as a carbon source.
Commensal organism: Organism that lives with another organism in a type of symbiotic 

relationship in which the other organism is neither helped nor harmed.
Elysium: The second largest volcanic province on Mars after Tharsis, south of Elysium 

Planitia, a broad plain that straddles the equator of Mars.
Exoplanet: A planet outside our solar system.
Extremophile: An organism that thrives in environmental conditions not tolerated by 

most forms of life, mostly referring to pH levels, temperatures, solute concentra-
tions, and pressures.

Hellas: The largest impact basin on Mars, up to about 7000 m deep, located in the south-
ern hemisphere of Mars.

Hothouse: Refers to climate conditions on Venus that are extremely hot as a result of a 
runaway greenhouse effect (see also runaway greenhouse effect).

Isotope fractionation: Processes that affect the relative abundance of isotopes (elements 
that differ by the number of neutrons). In regard to biology, a typically seen effect 
is that organisms prefer the lighter isotopes of an element resulting in a specific 
isotope fractionation.

Noachian eon: Oldest time period of Mars, from the formation of the planet to about 
3.7 billion years ago, at a time when surface water is thought to have been abun-
dant and the climate more benign.

Panspermia: Hypothesis that some organisms can survive the effects of space by becom-
ing trapped in rocks or dust that is ejected into space after collisions between solar 
system bodies that harbor life.

PHI: Planetary habitability index, measure used to assess the habitability on various plan-
ets and moons, inside and outside of our solar system.
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Runaway greenhouse: Process by which the coupling of the atmosphere and the surface 
temperatures of a planet increases the greenhouse effect to such a degree that the 
planet’s oceans boil away. This is usually thought to have happened in Venus’ 
history.

Snowball Earth: An event in Earth’s history when the surface of the Earth was largely or 
entirely frozen over. The last time this event occurred was about 650–700 million 
years ago.

Sotra Patera: A roughly circular volcano on Titan measuring about 65 km across with 
two peaks and multiple craters.

Tharsis: A volcanic plateau located near the equator in the western hemisphere of Mars.
Thermoacidophile: Microbe that thrives in highly acidic solutions at high temperatures.

REVIEW QUESTIONS
1. How does the environment affect the form and function of an organism?

2.  How did the natural history of the terrestrial planets influence the evolution of life on 
Earth and possibly on neighboring Mars and Venus?

3. Why would we consider possible life on Titan as exotic?

4.  Which biosignatures and geoindicators would indicate specific types of organisms and 
which would be general indicators for life?

5.  Prioritize which signatures and indicators of life would be the most important to 
focus on.

6. Which were the main triggers for the environmental change on Venus? And on Mars?

7. How much has life itself influenced the habitability of Earth?

8.  What kind of different adaptations can we expect in organisms inhabiting liquid water 
microenvironments in the Venus atmosphere versus the Mars subsurface? And how 
are those different relative to the adaptations to the liquid environments on Titan?

9.  Which would be the limiting factors for microbial growth on Venus, Mars, and Titan? 
Are any of them coincident? Why?

10.  Is biological transfer (panspermia) possible between Venus, Mars, and Titan? Specifically, 
could Martians colonize Venus? Now or at any moment in the past?
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Evolutionary Approach to 
Viruses in Astrobiology

Matti Jalasvuori and Jaana K.H. Bamford

19.1 WHAT IS A VIRUS? ESSENTIAL BASICS FOR AN ASTROBIOLOGIST
In this chapter, we review viruses from an astrobiological perspective. We go through the 
structural and functional qualities of viruses and then briefly overview viruses in evolu-
tionary astrobiological research.

Take a sample from almost any environment on Earth and observe carefully what you 
have in your vial. You will find two types of entities. There are cells of various sizes, special-
ized to different lifestyles. But, more importantly, there are small protein capsules. Each of 
these capsules entraps genetic information that originated billions of years ago, probably 
even before most cellular genes. Yet, despite their abundance, we often fail to see the small 
capsules when we become fascinated by the diversity of larger cellular entities. However, 
we cannot ignore them when we start considering life as a universal process (Jalasvuori, 
2012). As the capsules are overwhelmingly abundant, they probably have a significant role 
in the evolution of life. Therefore, any model attempting to explain the presence of differ-
ent cellular entities on our “pale blue dot” should also be able to explain the presence of 
capsules. As we are immersed in a sea of capsules, all living systems composed of cells, 
including the hypothetical extraterrestrial ones, will have their own viruses.

Viruses are parasites, which means that they exploit the resources of other living 
beings for their own reproduction. New virus particles are assembled from individual 
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subunits within cells and thus they differ in this respect from cellular organisms. The 
sea of capsules is formed of these assemblages.

Cellular theory suggests that all life forms comprise cellular beings that reproduce by cel-
lular division. You can take any cell in our biosphere, be it a cell in the skin of your finger or 
an archaeota at the bottom of the Pacific Ocean, and, by turning back time, you can follow the 
vertical history of the cell through billions of cell divisions to the origin of the very first cells 
on Earth. Yet, these very cells have been continuously parasitized by a large number of differ-
ent viruses. Evidence suggests that even the first cells already had their parasites (Koonin et al., 
2006; Ortmann et al., 2006). Viruses cast the shadow of the cellular tree of life—an ever-present 
partner—which cellular organisms are unable to escape. But are viruses just an immaterial, 
irrelevant component or are they genuine living entities that are of astrobiological importance?

Viruses are genetically reproducing entities: they can evolve and they can go extinct—
feats that are generally associated with living beings. All of the 1031 virions (i.e., infectious 
virus particles; Hendrix et al., 1999) in this biosphere were assembled in a host cell in the 
past. Therefore, viruses are first and foremost genetic entities that parasitize cells by trans-
forming cell vehicles into construction facilities that generate new virus particles. Virus is 
an information package that can modify cells into assembly lines generating new viruses 
that carry the information to do the same to other cells.

Figure 19.1 presents a schematic model of an infectious virus particle (virion).
In nature, there are many different variations of virions, and therefore, a simple presen-

tation does not capture all the potential forms. Yet, all viruses share a few principles that 
are exemplified in Figure 19.1, which we go through one by one in the following sections.

19.2  BUILDING A FUNCTIONAL VIRUS: PROTEIN 
CAPSID AND THE LIFE OF A VIRUS

A virion has a protein capsid. This capsid provides the viral genetic information to a pro-
tective shell in the outside-of-host-cell environment. Naked genetic information is sus-
ceptible to many environmental hazards, and thus, protective capsid is essential for virus 
genes to survive the trip from one host cell to another.

Receptor-recognition
proteins that

bind to host cells

Protective protein
capsid

Genetic
information

FIGURE 19.1 Schematic presentation of an infectious virus particle also known as a virion.
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There are many types of virus capsids (Ackermann, 2007; Akita et  al., 2007): some 
are spherical while others are rigid or flexible rods. Archaeal viruses have many queer 
shells, which are, for example, lemon or bottle shaped (Prangishvili and Garrett, 2005). 
Nevertheless, all viruses construct a protein shell before they abandon the host and escape 
to the external environment in order to fulfill their ultimate mission: to find a new exploit-
able host.

The capsid itself is built out of just a few types of proteins. This allows viruses to carry 
only a couple of short genes that can generate thousands and thousands of capsid proteins 
during the replication cycle of a virus. Interestingly, capsid proteins of many viruses appear 
to be some of the most ancient genes in this biosphere (Koonin et al., 2006; Krupovic and 
Bamford, 2008a).

Viruses are completely inactive when they are enclosed within the capsid, and thus in 
many unfruitful discussions, viruses have been declared dead. Yet, the protective cap-
sid is only a means for a virus to survive the trip from one host cell to another. It is 
the “living part” of a viral reproductive cycle that occurs within—not outside—the cell 
(Figure 19.2).

Mistaking viruses only for their inactive extracellular form would mean failing to rec-
ognize the true essence of what a virus is.

Binding to the host cell

Dead part of a virus
life cycle

Exit the host cellLiving part of a virus
life cycle

Assembly of new
virions

Copying the virus
genome and

production of virus
proteins

Entry of the genetic
material into the cell

FIGURE 19.2 Virus life cycle.
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19.3  BUILDING A FUNCTIONAL VIRUS: HOST 
RECOGNITION PROTEINS AND INFECTION

Viruses are not completely inactive even in the extracellular environment. As viruses 
are entities that rely on cells for their reproduction, it is essential for a successful virus 
to be able to distinguish potential host cells from all other features in the environment. 
Therefore, all virus particles have proteins that attach to structures on host cells. These host 
recognition proteins usually bind to natural and essential components on the cell surface, 
making it difficult for host cells to evolutionarily abandon them (Buckling and Rainey, 
2002). The host recognition proteins are usually the most variable features of viruses when 
homologous viruses are compared. Similarly, closely related hosts may differ by their sur-
face components as they have evolved to avoid virus infections. Indeed, we have previously 
suggested that the virus-induced selection on host surface components may have been a 
significant driver of the evolution of cellular interface with the external world (Jalasvuori 
and Bamford, 2008).

The recognition of a new host cell triggers a chain of events in either the virus or the 
host (Poranen et al., 2002). Some viruses forcefully inject their genetic material into the host 
cell. This brute approach requires the virus capsid to be constructed in such a manner that, 
while being stable and protective in the environment, it can upon a signal disassemble and 
fire the genome into the host. Cells may also have natural mechanisms to intake foreign 
particles—a property exploited by some viruses to facilitate their own entry. Many viruses 
have a membrane envelope that fuses with the host cell membrane in order to translocate the 
viral genome inside the cell.

19.4  BUILDING A FUNCTIONAL VIRUS: GENOME 
AND EVOLUTION OF A VIRUS

The virus genome is an organic molecule that carries the genetic information of the virus. 
Interestingly, viral genomes can differ in various ways from their cellular counterparts. 
Cellular chromosomes are always made up of double-stranded DNA. The genome of a 
virus can be double- or single-stranded DNA or double- or single-stranded RNA. From an 
astrobiological perspective, this is interesting as suitable genetic material is not restricted 
to double-stranded DNA alone.

The genome of a virus becomes replicated within a cell during the reproductive cycle of 
a virus. There are numerous ways in which the genome can be copied. Some viruses encode 
for their own replication molecules and are in this respect independent from their host. 
Other viruses use host molecules to mediate the replication process. Usually, tens or even 
tens of thousands of copies of the genome are generated within the host cell as a result of 
an infection.

Viruses can also integrate with the host genome and hitchhike there as an intragenomic 
parasite. Integration of viruses into the host chromosome is an evolutionarily important 
quality given that each integration of a virus can significantly modify the genome of the 
host organisms (Brussow et al., 2004). When these viruses are excised from the chromo-
some, they can take some of the host genes along with them and eventually transfer these 
genes to other host organisms (Canchaya et al., 2003; Choi and Kim, 2006). This shuffling 
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of genes between entities allows organisms to evolve horizontally in addition to the tra-
ditional vertical evolutionary process. Moreover, a single integration event of a virus can 
provide the host with tens or hundreds of new genes. If the virus is inactivated for some 
reason, the host cell survives to live another day with a significantly altered genome.

19.5 VIRUSES AND THE ORIGIN OF LIFE
The origin of life is arguably one of the greatest challenges for science to understand. The 
self-organization of the inanimate universe into reproducing sentient vessels of genetic 
information is mind-boggling. One intriguing recent finding is that viruses appear to be 
ancient, probably predating contemporary cells.

There are primordial processes during which viruses may have played an important 
role. First of all, early life required some sort of cellular structures where selection oper-
ated already on multiple levels (Szathmary and Demeter, 1987) and possibly also required 
horizontal movement of information between cells in one way or another (Hogeweg and 
Takeuchi, 2003). Given that contemporary cells were already products of evolution (Jekely, 
2006), the earliest proto-cells had to be of abiotic origin. These cells may have been inor-
ganic structures incapable of induced division within, for example, alkaline hydrothermal 
vents (Koonin and Martin, 2005; Martin and Russell, 2007). In the absence of division, 
evolutionarily successful replicators would need to be transferred from one cell to another 
in order for their genetic information to spread within the system. It is also possible that 
the proto-cells were able to divide due to mechanical stress (Chen et al., 2004). In this case, 
replicators that get to spread to newly formed cells would intuitively be in evolutionary 
advantage as their success is not confined only to the direct descendants of their current 
proto-cells. Regardless of the exact nature of primordial proto-cells, the transfer of genetic 
information between cells must have been favorable sooner or later. Early community of 
life indeed appears to have been evolving horizontally rather than vertically (Woese, 1998, 
2000, 2002).

Virions are genetically encoded structures that facilitate the transfer of genes from one 
cell to another (Jalasvuori and Bamford, 2008). Therefore, the emergence of virus-like enti-
ties may have been favorable even before the origin of contemporary cells, because these 
entities can provide a way for genetic information to move between proto-cells.

The movement of virus-like entities between various proto-cells may have given the 
early evolving system a mechanism to share innovations. Sharing of genetic novelty might 
have been critical for the survival of early life: it was possible for helpful genes to spread 
and become more common within the system (Vetsigian et  al., 2006; Jalasvuori, 2011). 
Similar innovation sharing is commonplace even today (Ochman et al., 2000) and, there-
fore, even though we often mistake viruses to be harmful parasites, they may have been 
useful natural products of natural selection at the stem of life (Jalasvuori and Bamford, 
2008). Perhaps life cannot survive long enough without the help of viruses (Jalasvuori 
et al., 2010). Thus, from an astrobiological perspective, it is important to realize that not 
only may viruses be present in other hypothetical, naturally emerging living systems, but 
that without viruses there may not be other living systems in the first place (Jalasvuori and 
Bamford, 2010; Villarreal and Witzany, 2010).
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19.6 VIRUSES AS ANCIENT GENETIC ENTITIES
Viruses appear to be polyphyletic, indicating that they have multiple independent ori-
gins. Therefore, it was surprising to discover that viruses infecting eukaryal, archaeal, and 
bacterial organisms shared common features (Bamford et al., 2002; Khayat et al., 2005). 
Viruses that were previously considered unrelated shared common capsid architectures, 
major capsid proteins, and genome-packaging mechanisms (Bamford, 2003; Benson et al., 
2004). Later on, several different families of viruses were grouped into deeply branching 
lineages (Krupovic and Bamford, 2008a; Jalasvuori et al., 2009). This has led to speculation 
that many of the contemporary viruses actually emerged before the separation of cellular 
life into the three domains (Krupovic and Bamford, 2008b). If viruses are truly ancient, 
then the study of viral genetic repertoire can provide us another way to investigate the 
genetic variety of emerging life on Earth (Jalasvuori and Bamford, 2009). Previously, the 
last universal common community from which all organisms eventually descended was 
investigated through bacterial, archaeal, and eukaryal cells. Now, viruses can help us dis-
cover novel features that may also have been there at the earliest stages of the evolution of 
life (Koonin, 2006).

Many widespread and ancient viruses have unique hallmark genes that are clearly pri-
mordial but that cannot be found from cellular chromosomes, or, if they can be found 
from chromosomes, they must have been acquired from a virus (Koonin et  al., 2006). 
These hallmark viral genes include genes encoding certain major capsid proteins, vari-
ous initiation and elongation proteins for DNA and RNA genome replication, and virus 
genome-packaging proteins. All these proteins have functions that may have contributed 
significantly to the evolution and ecology of primordial living systems. Therefore, genu-
ine understanding of the origin of life may be better achieved if viruses are not forgotten 
(Villarreal and Witzany, 2010).

Viruses can help us answer astrobiological questions, and thus, they should not be 
treated only as diseases or mere indifferent parasites. Viruses are everywhere and they are 
a constitutive factor of life as we know it.

GLOSSARY
Capsid: Protective protein shell that covers the viral genome.
Virion: Infectious virus particle.

REVIEW QUESTIONS
1. What arguments would you use to argue that viruses are alive?

2. What arguments would you use to argue that viruses are dead?

3. Why is the capsid an important part of a virus?

4. In what ways do viral genomes differ from cellular chromosomes?

5.  What essential functions may viruses have had in the early evolving community of life?
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C h a p t e r  20

Virolution Can Help Us 
Understand the Origin of Life

Luis P. Villarreal

20.1 OBJECTIVE: A VIRUS FIRST OVERVIEW
A virus first perspective for understanding human evolution will likely seem counterin-
tuitive or even preposterous to many readers (Villarreal, 2004). Surely, these most selfish 
and destructive agents (virus) cannot be proposed to have contributed substantially to the 
many complex features that make us human. Yet, developing and supporting this assertion 
is the objective of this chapter. Viruses are genetic parasites, often capable of transmission 
and dependent on their host for replication and/or maintenance. They are thus fundamen-
tally able to interact with and contribute to host genetic (and epigenetic) content. It is this 
capacity that allows virus to be editors of host genetic content (Villarreal and Witzany, 
2010; Witzany, 2006, 2009a). We know viruses to be agents of disease, often serious and 
even fatal. In what way can this capacity relate to the complexity needed to generate human 
capabilities? But viruses are also capable of colonizing and persisting in host genomes and 
becoming one with them. In so doing, they bring new and diffuse instruction sets to their 
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host that can promote new regulatory networks with new capacities. This process has been 
called virolution, virus-mediated evolution (Ryan, 2009). And it is the persisting viruses 
that are highly host specific which, usually sexually transmitted, also have the ability to 
differentially affect host survival. The relationship of persisting viruses to its host popula-
tion has been proposed to contribute significantly to host survival and affect the tree of 
life (Villarreal, 1999, 2006, 2007, 2008; Villarreal and Ryan, 2011). This process is shown 
schematically in Figure 20.1.

Such a process is fundamentally synbiogenic (Pereira et al., 2012). Indeed, it will be 
asserted subsequently that persisting human viruses were likely involved in the Homo 
sapiens—Neanderthal evolutionary outcome.

Why would viruses promote novelty via the formation of complex networks able to 
contribute to host phenotypes? The currently accepted view is that viruses are simply 
providing an extended source of errors (diversity) that can occasionally become exa-
pted by their host for host purposes. An infected individual host variant will survive 
and somehow adapt virus information for its own survival. Networks are then created 
from this information in stepwise series of selection events. The real answer, however, 
lies much deeper than is likely to be appreciated. Indeed, it relates directly to the earli-
est events in the evolution of life reaching all the way back into the RNA world. This 
world is characterized by consortial, cooperative, multifunctional, and transmissive 
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transfer)
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+RNA
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FIGURE 20.1 Overview of the viral cloud contribution to all the domains of the host evolutionary 
tree. Virus contribution to host is not occasional, but ongoing as shown. Also, such viral informa-
tion is not due to errors as viruses are competent in host code and can be natural editors of host 
code. Viruses are thus an original and ongoing force for all life. (Reprinted from Villarreal, L.P. and 
Witzany, G., J. Theor. Biol., 262, 698, 2010. With permission.)
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RNA agents that operate in groups that can identify network membership and preclude 
nonmembers (immunity) (Villarreal and Witzany, 2013a,b).

We have long focused on the modest error-based genetic adaptations associated with 
neo-Darwinian selection and evolution. But whenever a host genome becomes colonized 
by nonancestral endogenous retroviruses (ERVs) and related elements that replicate via 
RNA, a quasispecies consortia (QS-C)-mediated process again applies to modify existing 
RNA societies that provided identity (control, immunity) superimposing new and often 
multiple uses of stem-loop RNAs that are now engaged in and providing new identity net-
works. This is a much more creative and punctuated process, able to promote complex 
regulatory shifts, but one that still essentially uses invasive stem-loop RNA agents.

20.2 SOME DEFINITION AND OTHER PROBLEMS
The term virus has a broad and almost instinctive meaning to many people with respect 
to disease. It is, however, worthwhile exploring a current definition of this term in order to 
employ it with greater consistency and precision. Since it is well known that many viruses 
can infect and exist within their host with no disease, clearly, disease cannot be a defining 
characteristic. Nor is uncontrolled replication a defining characteristic since many viruses 
have highly regulated replication cycles. Some do encode proteins involved in membrane 
synthesis. Some do not even encode their own capsid or membrane proteins, so this too 
cannot be a defining characteristic. But so far, no virus has been observed to code for a 
ribosome. Nor do they appear to encode many of the most fundamental metabolic pro-
teins. Thus, viruses are fundamentally molecular entities that are parasitic to living sys-
tems (with ribosomes and energy production). But some viruses are parasitic to other 
viruses (thus parasitic to living systems plus virus), and most viruses can generate defec-
tive versions of themselves that are parasitic to the host system plus self-full virus. These 
situations can be very important for some specific viral lifestyles. Thus, our definition must 
be inclusive of all of these situations. I therefore propose the following characteristics for 
defining virus:

• A virus is a molecular genetic parasite.

• A virus must be competent in the instruction system of its host system.

• A virus must superimpose (edit) new instructions onto the host system (extending 
the code, bringing novelty, promoting symbiosis).

• Viral instructions must promote maintenance of the virus (i.e., self-identity com-
patible) which includes directed replication needed for either maintenance and/or 
transmission.

• Virus instructions can also simply include compelling the host to maintain the viral 
instruction set (persistence) and replicate it along with the host.

• Viral instructions must oppose (i.e., damage) competitive instruction sets (i.e., host 
immunity and/or virus competition).



424   ◾   Astrobiology

• These viral instructions may subvert (colonize) opposing or competing instruction 
sets so as to maintain a coherent viral instruction system.

• The simplicity of RNA virus instructions requires that they be a coherent consortia of 
diverse RNA instructions (QS-C).

In addition to these defining characteristics, I would propose that the original viral 
instruction systems were simple stem-loop RNA replicators, as proposed for the RNA 
world (Briones et al., 2009). These parasitic replicators were able to transmit and occupy 
(ligate) their other RNA stem loops, including their own QS. Such self-invasion promotes 
the emergence of more complex functions (e.g., ribozymes and a consortial ribosome). 
RNA viruses still depend on these stem-loop instruction agents for basic identity and rep-
lication. The host (DNA) has become a habitat for these RNA societies.

There are other important problems involving definitions that should be mentioned. 
These include the terms networks and systems. Although popular use of these terms 
is consistent with the way I hope to apply them, the real problem, however, relates to 
attempts to mathematically define these terms so that calculation-based approaches 
can be applied to them. For example, a network stems from the concept of a net, with 
knots (nodes) connected to each other in binary links. This can be described mathemat-
ically. Similarly, formal complex systems posit a mathematical foundation for defining 
systems (von Bertalanffy and LaViolette, 1981). However, in the context of diverse but 
coherent RNA agents (QS-C), it is not possible to mathematically set either the poten-
tial interactions or the nature of these interactions for a single RNA entity as it will have 
conditional and context- and history-dependent activities (uses) within the population. 
This issue will be expanded further later. However, it does compel us to use the terms 
networks and systems in a less-defined (but popular) way. The concept of network in 
particular will be important for our discussions as it will relate directly to group iden-
tity that will require the specification of network membership characteristics. For an 
RNA agent, being a member of a network relates directly to its identity markers (often 
stem loops).

I will often consider the issues of group identity and group behavior as these are pro-
posed to provide the foundations of social mechanisms. I will seek to define a network 
from the perspective of a consortium of RNA agents and apply the strategies of these dif-
fuse transmissive agents to explain the creation of new networks and the editing of existing 
ones. However, it will be very difficult to think about and communicate these consor-
tial or social issues. This is not because they are so inherently complex, but more because 
they are fundamentally interactive (social) phenomena that resist a linear explanation. For 
example, assigning a single function (or fitness) to an entity that is part of a consortium 
or network will inherently restrict out thinking about how the entity must function in the 
context of a consortium. A social system will have individual agents (such as RNA stem 
loops) that will fundamentally have multiple (often opposing) activities and uses. This is 
most apparent in the study of viral QS-C presented later. A system or network must always 
have this feature. We need to think socially, not serially.



Virolution Can Help Us Understand the Origin of Life   ◾   425  

I will present the case that immunity mechanisms are very the same as group identity 
mechanisms and that both operate using various strategies (such as addiction modules) that 
can destroy nonidentity and nongroup membership, while supporting group membership.

One more note of caution to keep in mind before further developing this (multi) line of 
reasoning. The types of RNA stem-loop-mediated changes we see in recent human evolu-
tion look hauntingly similar to those I proposed for the very early events in the evolution of 
life (see next chapter). It seems that from the very origins of life to recent genomic changes 
in human DNA, RNA societies have been acquired from infectious events and are mediat-
ing identity and social phenomena. It should therefore be considered that changes in RNA 
stem-loop composition may best define membership for all living systems and provide new 
identity systems in all domains of life, including virus.

20.3  CURRENT VIEW: INDIVIDUAL TYPE SELECTION 
AND EXAPTED VIRAL GENES

The development of neo-Darwinian thinking in the 1930s stems directly from the founda-
tion that natural selection acting on variation (mostly from replication errors) in individu-
als selects for the survival of fittest type variant. Thus, the variation in offspring originates 
from the direct ancestor to the selected individual. However, when nonancestor virus-
derived genes are seen to occur in host genomes, it is typically reasoned that such genes 
simply represent another form of variation (errors) that was also somehow associated with 
individual survival. The surviving host individual was then able to adapt (exapt) these 
genes for its own purpose and survival. This explanation still invokes a central role for 
individuals. What then results are various scenarios, such as kin selection, tit for tat, or 
arms race ideas involving a serial one-upmanship and linear process of selection. Any 
networks that emerge will then need to stem from this same serial process. The process is 
not prone to punctuated bursts in evolution nor is it particularly prone to rapid emergence 
of complexity or novelty. Also, any associative or group behavior that emerges, such as 
altruistic behavior, will similarly stem indirectly from individual survival, as described 
by various kin selection or game theory models. This view has been well accepted for 
numerous decades, and many current evolutionary biologists no longer question its basic 
tenets. Some even like to think of this as laws of evolution. But this is a view that emerged 
well before we understood the broad and ancient prevalence of virus. In the last several 
decades, analysis of comparative genomics and metagenomic sequencing of numerous 
habitats has shown us that virus-derived sequences dominate in all habitats so far evalu-
ated (see Koonin, 2011). The term virosphere has been introduced to describe this vast 
cloud of genetic information. And within the genomes of organisms, virus-derived infor-
mation is almost always the most dynamic component of host DNA for all domains of 
life. Much of this virus-derived host DNA, however, has long been seen to play no useful 
role; it was junk DNA that was the product of selfish replicators (Doolittle and Sapienza, 
1980; Orgel and Crick, 1980). Yet, much of this junk was clearly viral derived, and often, its 
expression was associated with reproductive tissue (Ono et al., 1985). More recently, such 
junk has seemed much more important for the functioning of the organism (Volff, 2006). 
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But it is still basically seen as exapted stuff, put to some inadvertent good host use fol-
lowing individual selection. But the existence of a vast virosphere should compel us to 
think differently about virus-derived information in host genomes. All domains of life 
must survive in this ancient, unrelenting, and extremely adaptable virosphere. How can 
life thrive in this situation? In the following, we will look at the viruses themselves for an 
answer to this question. And from this question, we should rethink some of the tenets of 
evolutionary biology.

20.4 QS-C AND VIROLUTION
We should now ask: what is virolution and how does it affect host evolution? Can it pro-
vide some core, essential function needed for life? And more fundamentally, does virolu-
tion operate with additional principles, such as consortial group identities (QS-C) that can 
colonize and transform host, which fundamentally promote networks and complexity? If 
so, can these principles help us better understand the origin of life or provide insight into 
the origin of our human social capacities? Later, I attempt to summarize a large body of 
evidence from many domains of research that I feel help us better define virolution and 
the origin of host complexity. This will provide a core theme that will link all these diverse 
studies with the role of stem-loop RNA in viral and host identity. This role of QS-C in 
virolution is presented schematically in Figure 20.2.

QS-C provides identity
(not individual type)

Ensemble of
interacting agents

+/–

+/–

+/–

FIGURE 20.2 The crucial difference of QS-C with former QS concepts (fittest type—mutant 
spectra) is the basically consortial organization of functional RNA ensembles. Shown earlier are 
the possible consortial interactions (black arrows) of just one diversified RNA stem loop. These 
multiple activities (shown as +/−) preclude individual fitness definitions but require emergence 
and adaptation of group membership identities. Defectives with similar subviral RNA (stem-loop 
groups) remain relevant in both evolutionary and developmental processes. As a result of this basic 
evolutionary process of RNA stem-loop consortial building, we can look at the emergence of de 
novo identities. (Reprinted from Villarreal, L.P. and Witzany, G., World J. Biol. Chem., 4, 71, 2013. 
With permission.)
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As shown, such virolution is what promotes the creation of new systems, not serial selec-
tion from errors. But this looks like errors since most of the instructions are subviral. 
Virus, the ultimate and nearly invisible selfish agents, has finally taught us about the power 
of consortia. It is a big lesson and it applies to all levels of life. But why would a consortium 
of viral agents act to promote complexity? The answer I will develop later is that it is for the 
sake of superimposing group identity and group survival. The QS-C has to incorporate a 
new viral identity onto the host. This colonization will also clearly affect host survival in 
its extant virosphere. The virosphere matters for the success of all life. Such a colonizing 
event must promote the survival of this information and new viral identity/ecology that 
results. This is a very different perspective than that of selfish individual type selection. 
And this view suggests we adopt a new philosophy of biology in which collective behav-
iors are core for all life forms. And although virolution supports various forms of multi-
level selection, it does not conflict with traditional individual type selection that emerged 
with DNA-based cells and virus. But whenever infectious sets of RNA-based replicating 
agents successfully colonize a host, they will again bring to bear the creative, cooperative, 
and distributed power of QS-C selection to their host. This is a most ancient process that 
still operates on DNA, using DNA as a stable habitat (Villarreal and Witzany, 2013a,b). 
I will now examine both the earliest events (RNA world) and most recent events (human-
specific evolution) from this virolution perspective. One fundamental theme will apply 
throughout this examination that will be introduced both early and later in this chapter. 
This is the fundamental role of stem-loop RNA structures in the identity and function 
of infectious forms of RNA. When I focus on human-specific features, for example, such 
as our reproductive or social brain changes, it will be from the perspective of a role of 
infectious forms of stem-loop RNAs. The RNAs have multiple regulatory capacities that 
lead to a better understanding of RNA cascades and networks, which are the products of 
or promoted by serial colonization of virus (and often provide antiviral activity). These 
regulatory stem-loop RNAs will mostly occupy introns, 3′ untranslated region (UTR) and 
some 5′ promoter regions. We will also see that older identity/regulatory systems become 
subjected to manipulation (repurposed) or elimination following successful colonization.

20.5 ENCODE PROJECT: VIRAL JUNK AS ESSENTIAL RNA REGULATION
For many years, molecular biologist assumed that the complex RNA expression patterns 
observed by various techniques (such as hybridization kinetics) in the mammalian brain 
were due to the expression of many genes, which was expected for such a complex organ 
(see Chaudhari and Hahn, 1983). However, comparative genomics has made clear that gene 
transcription differs little between human and great apes (Khaitovich et al., 2004). Indeed, 
total gene numbers differ remarkably little between the simplest animals (Caenorhabditis  
elegans) and humans. But by far, the biggest differences between human and chimpan-
zee genomes were due to insertion and deletions (indels) (Mills et al., 2006; Watanabe 
et al., 2004; Wetterbom et al., 2006). The great majority of these indels are the result of 
retrotransposon activity of various types (ERVs, long terminal repeats [LTRs], long inter-
spersed nuclear elements [LINEs], and alus being most numerous). Of these, the alu ele-
ments and transcripts are particularly active and affect RNA editing and intron splicing 
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in the human genome (Sakate et al., 2007). In addition, they are frequently involved in 
epigenetic control and can emerge or expand rapidly in genomes (Zeh et al., 2009). Such a 
large-scale retroposon colonization would seem to pose a highly genotoxic situation for the 
human genome, an idea that seems supported by genomic analysis (Keightley et al., 2005, 
2006). And yet this noncoding DNA is species specific (Toder et al., 2001), evolving quickly 
in humans (Bird et al., 2007), but also appears to be under very strong selective constraints 
(Bejerano et al., 2004; Bush and Lahn, 2005). This seems problematic in several ways: this 
is an inherently destructive event that should seldom result in novel or complex phenotype, 
plus it is both rapidly changing between species yet sometimes highly conserved. Indeed, 
this high rate of change was previously used to argue for the idea that it must be junk DNA. 
Yet, these are the changes that must be addressed and included to explain the emergence of 
the large and social human brain (Chapter 21). How then can we understand the origin of 
the most complex organ known (human brain) in the context of such massive introduction 
of errors? Clearly, we cannot. But perhaps the concept of errors is itself in error as implied 
earlier. Indeed, a major correction in our thinking has emerged from the ENCODE proj-
ect. This project is a consortium of researchers that has sought to characterize all the RNA 
transcribed from the human genome, including RNA that is not cytoplasmic polyadenyl-
ated mRNA but is noncoding RNA (Mattick, 2005). It is now quite clear that most of this 
junk is transcribed and that 95% of the transcripts are from repeated sequences that were 
retrotransposed (Mattick, 2010,2011; Mattick et al., 2010). These transcripts include a pre-
viously poorly studied class of long noncoding RNA (lncRNA) (see Khalil et al., 2009). 
Furthermore, these noncoding transcripts appear particularly relevant to human brain 
and cognitive development and evolution (Barry and Mattick, 2012; Mattick and Mehler, 
2008; Mehler and Mattick, 2007). Additionally, long-term memory also seems to use non-
coding RNA (Mercer et al., 2008). These observations have led Mattick to propose that 
genetic programming in higher organisms (including human) has been misunderstood for 
50 years (Mattick, 2001). Regulatory RNA derived from retrotransposons is key to eukary-
otic complexity, compelling us to abandon the concept of selfish junk DNA. But in this 
realization, we also come to realize this regulatory RNA is operating mostly as stem-loop 
RNAs that have complex, multilevel, and even opposing functions. It is clearly operating 
and evolving as a network. But networks of stem-loop RNAs are also thought to have been 
crucial for the origin of RNA-based life. Could it be that the creative power of societies of 
stem-loop RNAs involved in the origin of life is still at work during recent human evolu-
tion? Let us further evaluate this idea.

20.6 FITTEST INDIVIDUAL TYPE RECONSIDERED
RNA viruses have long been recognized as distinct agents from their host cells in that they 
were the sole survivors of the RNA world that still used RNA as a genetic molecule. That 
they could replicate so readily and be characterized in the laboratory made them ideal sys-
tems to study variation in RNA replication. The variation was considered to result mostly 
from copy errors of a low-fidelity polymerase. And since viruses could be cloned (plaqued), 
they apparently adhered to the concept of individual fittest type selection. Since it was 
realized early on that RNA replications at the dawn of life in the RNA would also replicate 
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with high error rates, this seemed to present a problem for the origin of life and the origin 
of the genetic code. It was from this perspective in the 1970s that Eigen developed the QS 
equations to explain the quantitative behavior of RNA populations that were generated via 
errors of the master fittest individual type template (Eigen, 1971). The basic assumptions 
were then that there was a master fittest type RNA template that would generate a cloud of 
RNA progeny due to copy errors but that this cloud would have certain overall behaviors 
(such as error threshold). Many more theoretical papers followed this early publication 
by Eigen, by his colleagues, and numerous others. And in the following decades, a large 
number of laboratory studies by RNA virologist sought to evaluate and measure various 
aspects of QS theory. It became very clear that the QS behavior of RNA viruses was very 
important for understanding clinical outcomes of human infections. And indeed, some of 
the insights of QS theory were observed, such as error threshold. The concepts of variation 
of the master fittest type became entrenched during this period as there seemed to be no 
conflict with more traditional neo-Darwinian selection. Thus, a consensus took hold for 
what QS is or means associated with master fittest type.

20.7  CORRECTIVE AND COLLECTIVE POWER OF VIRUS 
VIA MODERN QUASISPECIES: QS-C

In the ensuing several decades, many laboratory observations were made that indicated 
more complex collective behaviors for viral QS than were predicted by the QS equations. 
Two of the more active laboratories were those of John Holland and Esteban Domingo 
(see Domingo et al., 2008). The most recent compilation of these studies outlines many 
of the collective behaviors that have been made with QS (Domingo et al., 2012). In my 
opinion, the culmination study that most clearly reported that QS have more complex 
collective behaviors was the study from the Andino group of poliovirus pathogenesis in a 
mouse model in which diversity and cooperation were key to viral fitness (Vignuzzi et al., 
2006). The QS collectives have distinct and measurable fitness. They can compete with and 
exclude related populations. They have minority populations that are crucial for overall 
fitness (Briones and Domingo, 2008; Briones et al., 2006). They can display heterogeneity 
important for fitness that is not observed in the consensus type (Borderia et al., 2012). They 
can suppress their own replication through lethal defection (Grande-Perez et al., 2005). 
They can be composed of members that can complement and interfere with replication 
of the collective, and many of these features can be observed in clinical infections such as 
humans with hepatitis C virus (Domingo and Gomez, 2007). Thus, QS are collectives that 
have positive and negative interacting members that are bound together for a combined fit-
ness that depends on diversity (Arbiza et al., 2010; Lauring and Andino, 2010; Ojosnegros 
et al., 2011). It is thus ironic in that it is from the viruses, the most selfish of all genetic 
entities; we experimentally observe the characteristics of cooperative, collective behavior. 
And it was the fittest type assumptions of Eigen that generated QS equations and theory 
that stimulated the development of this modern collective QS view. But we are left with a 
conceptual contradiction. Modern QS observations do not depend on the master fittest 
type, and the consensus sequence may not predict to the fitness of the diverse collective. 
Diversity itself seems crucial. Such dynamic diversity allows a population of otherwise 
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rather simple agents (such as HIV-1) to defeat a highly complex and evolved system of 
adaptive and innate immunity in their human host. If such infections were limited to the 
fittest type individuals, they would fail to overcome such a complex system. Not only can 
the power of QS defeat our human immune system, it has also largely defeated our com-
bined human technology by frustrating the development of effective vaccines for 30 years. 
All this impressive biological competence comes from a small and simple virus! I therefore 
submit a modification to QS terminology to incorporate this collective and cooperative 
feature. The term QS-C will indicate a collective of cooperative character to the population. 
That way, the original term, QS, can still apply to fittest type models.

With this clarification, it should become apparent that all RNA replicators (especially 
simple ones) will have high rates of diversity generation (not error). In addition, all genetic 
entities that replicate via RNA will also be prone to QS-C (collective) behaviors. These 
behaviors will include both cooperative and competitive interactions, even within the same 
individual molecule. RNA, however, is not simply providing a syntax for genetic informa-
tion. It is more than a code. It can also provide structure (stem loop), identity (stem loops, 
5′, 3′ ends), and functional (ribozyme) activity. And it can be dynamic (e.g., pseudoknots) 
and responsive to the environment (riboswitches). Because of this much extended capacity 
relative to DNA, RNA can be considered as a more active entity, with behaviors that make 
it able to function as an agent to affect its own activity and survival (Witzany, 2009b, 2011). 
In that light, DNA can be considered as a habitat for various RNAs. It was from this per-
spective that Witzany and I proposed that DNA should be considered as a habitat for these 
active RNA agents (Villarreal and Witzany, 2013a,b). But this discussion of simple RNA 
replicators suggests that the concept of QS-C should also apply to the ideas and experi-
ments concerning the RNA world hypothesis. Yet curiously, very little RNA world research 
has addressed any issues regarding QS (see Altman, 1989; Gesteland et al., 1999), let along 
the more modern QS-C idea. As many are starting to think that life originated in a coop-
erating situation (see Holmes, 2012), it is worth briefly considering if the QS-C concept will 
provide a different scenario for the origin of life.

20.8  RNA WORLD RECONSIDERED: INFECTIOUS STEM-LOOPS 
THAT OPERATE AS QS-C COLLECTIVES

To evaluate the QS-C and infectious perspective on the RNA world hypothesis, I will apply 
and explore the RNA agent concept introduced earlier to the role of stem-loop ribozymes in 
the origin of life. The main objective is to incorporate the historically absent QS-C and para-
sitic perspective (with its inherent feature for group fitness) into the process that creates RNA 
societies. I will not explore early chemical evolution that might have led to the emergence of 
RNA molecules but will instead assume that RNA has come into existence and follow its fea-
tures from this perspective. One immediate consequence of this perspective is that we will be 
focused on collective features of RNA populations and will thus evaluate the chemical conse-
quence of ribozyme QS societies, not individual replicators. This foundation immediately cre-
ates a situation in which systems of molecules with multiple behaviors will have the primary 
role in promoting the origin of life. It will also be important early on to consider how these 
systems maintain coherence (group identity, presented later), as this is an essential feature. 
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Indeed, a basic and continuing theme will be that a core function of stem-loop RNAs is 
to provide molecular identity through all of evolution, including recent human evolution. 
This identity theme will persist throughout this chapter and be frequently reintroduced. The 
idea is then that individual members of stem-loop RNA societies were collectively able to 
invade (ligate into) each other to form a more stable and capable (ribozyme active) consortia 
with emergent, transformative, and unpredictable abilities. These collectives would lead to 
the origin of various ribosome and RNA cellular societies (still linked to its stem-loop tRNA 
origin). Such a scenario also introduces the basic role of cooperation in the origin of life. It 
does not, however, eliminate competition, preclusion, and extinction that are also inherent 
features of QS-C behaviors. Furthermore, the identity and transmissive role for stem-loop 
RNAs sets the early (precellular) foundation for the origin of viruses whose emergence will 
further drive host evolution via colonization. The cooperative and parasitic features of QS-C 
will also promote the early participation of peptides in the identity and evolution of the ribo-
nucleoprotein (RNP) complex society. The maintenance of these RNA societies as a coher-
ent collective will generally be mediated by addiction modules (counteracting functions that 
recognize each other and harm nonrecognized partners) that underlie group identity and 
immunity in all living systems. With this foundation, the emergence of genes, DNA, cells, 
and individual fittest type selection can all be derived. But the emergence of DNA and cells 
and Darwinian evolution does not terminate the central role for transmissive RNA societies 
in the evolution of life. DNA becomes a habitat for these stem-loop identity RNAs, and it is 
from this perspective that I will subsequently examine recent events in human evolution. 
One issue should already be clear. This scenario posits that collective and cooperative behav-
iors were and remain essential for the emergence of living complexity. QS-C then provides a 
conceptual foundation for the study of cooperating chemical networks in which RNA mix-
tures of self-replicating ribozymes can form highly cooperative and dynamic autocatalytic 
cycles (Vaidya et al., 2012). Let us now put this into the perspective of virolution.

On the origin of the RNA world, short RNA oligomers formed by chemical processes 
needed to become longer RNAs able to perform template-based catalysis. It has been pro-
posed that the initial chemical formation of hairpin-like RNAs (stem loops) could provide 
ribozyme activity following a ligation-based modular evolution that would yield ribozyme 
autocatalysis (Briones et al., 2009). Indeed, later, I present a series of studies that support 
this modular view. But according to the parameters of QS-C evolution, for a consortium 
of RNA stem-loop replicators to survive, they must form a coherent population. They must 
share their identity and survival. The recognition of the stem-loop sequence itself by cata-
lytic agents could provide such common identity. Alternatively, chemical markers or initia-
tors of catalysis could also mark the common population for priming or replication. Thus, 
it is very interesting that the smallest ribozyme so far reported consists of just five nucleo-
tides able to catalyze aminoacylation of the 3′ end (Yarus, 2011). The addition of an amino 
acid to an RNA molecule has many interesting chemical implications. A ribozyme has 
rather limited chemical potential compared to proteins. This is mostly due to proton disas-
sociation constant of various amino acid moieties that are not close to pH neutrality. Thus, 
amino acids are much more capable as chemical catalyst for this reason. Without the par-
ticipation of amino acids, ribozymes must attain complex folds, often with some dynamic 
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character (pseudoknots) to be effective catalyst allowing them to cleave and ligate RNA. 
Given this chemical advantage, we might expect that RNA evolution was greatly facilitated 
(but not coded) by peptides that contribute catalytically. In addition, such a modified RNA 
would likely also provide a chemical marker that could distinguish this RNA population. 
Indeed, this molecular identity idea is developed later as a way to better understand the 
origin of tRNA and its role in initiating replication of so many RNA viruses as well as how 
this chemical marker could promote the symbolic genetic code.

A good starting point for the accumulation of complexity seems to be hairpin ribozymes 
whose activity can be controlled by external effectors (Muller et al., 2012). Structural varia-
tion in these ribozymes allows progeny RNA to have different functions from their parental 
RNAs. The objective is to replicate RNA with RNA which hairpin ribozymes can perform 
via a sequence of ligation reactions that produce a longer ribozyme (Cheng and Unrau, 2010). 
Along these lines, two short hairpin RNAs can catalyze their own ligation to form larger RNA 
constructs (Gwiazda et al., 2012). Thus, we see interactions that promote more complex prog-
eny. However, for a fully active ribozyme, complex RNA folding is needed. And such folding 
is cooperative (Behrouzi et al., 2012). Folded ribozymes can also interact with other small 
molecules promoting their function as riboswitches (Ferre-D’Amare, 2011). This includes 
amino acids that could promote either catalytic control or group identity marking. And the 
ribozyme folds can also be dynamic and context sensitive as seen in pseudoknots (Perreault 
et al., 2011). But ribozymes can also be invasive, including self-invasive (Kumar and Joyce, 
2003). Thus, stem-loop RNAs have many behaviors that would allow them to function as a 
mixture of agents involved in their own recognition and synthesis. Of particular interest is 
their ability to self-ligate as this could promote the emergence of RNA societies with self-
identity. We can also think of tRNA as stem-loop RNA with various functions and histories. 
Indeed, it appears that tRNAs evolved from two separate hairpins (Dick and Schamel, 1995), 
in which each of the stem loops interacts with a different ribosomal RNA subunit (presented 
later). This is a very interesting observation from an RNA society perspective. The invasive 
nature of intron ribozymes (endonuclease) also applies to tRNA from archaea, but here four 
distinct specificities are known (Fujishima et al., 2011). This very much resembles an identity 
system in which introns are marking central cellular (self) agents (tRNAs) for group identity 
but should destroy similar tRNAs (viral, other  cellular, etc.) lacking the intron marking. 
It is thus also interesting that tRNAs with various linked amino acids themselves have been 
proposed to have originated before the translation system as genomic 3′ tags needed for 
RNA ribozyme replication (Rodin et al., 2011; Sun and Caetano-Anolles, 2008). This early 
function can also be explained as having served as a tag for group identity and could better 
explain the polyphyletic nature of the origin of tRNA (Di Giulio, 2013).

20.9 AGENTS JOIN GROUPS AND SOCIAL NETWORKS
The QS-C perspective allows us to consider the role of stem-loop RNAs in the origin of the 
RNA world in which the action of individual agents can cooperate and be combined into a 
more capable collective action of a population. Thus, the origin of spontaneous cooperat-
ing networks of stem-loop RNA replicators (Vaidya et al., 2012) can be understood from 
this perspective. However, I will use the term network to include some distinct features, 
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specifically network membership. To designate this situation, I apply the term social net-
work to distinguish networks that have no membership criteria. Networks can be either 
open or closed. Biological networks almost always have a closed feature to them. Basically, 
for a network to be coherent and able to act collectively, it must limit membership to pro-
mote coordination. Otherwise, it is simply a collection of uncoordinated agents, and there 
will be no selection for maintaining the network existence. If we are examining a network 
composed of stem-loop RNAs, it will be necessary for the individual RNAs to have some 
feature or behaviors that maintains membership (such as replication and recognition). This 
requires interaction. If only one type of RNA is supported (e.g., high-fidelity replication), 
there can be no complementation and complex function (i.e., ribozyme) for the collective. 
A diversity of behavior and type will be essential. Recall, however, that these RNAs act as 
agents in which various (multiple) behaviors will be possible even for the same sequence. 
This means there are diversity of interaction as well as diversity of type. Thus, overall 
interaction of an RNA agent with the collective must promote coherence and continued 
existence. What then are the features that promote continued existence (selection) for a 
network? This does not require that only positive (e.g., replication) interactions be sup-
ported. Negative interactions, including interference, will also be needed. For example, 
highly efficient runaway replicons would overtake a QS collective and yield only one RNA 
type. Thus, the QS would lose complementing functionality and would also consume all 
substrates if they were not regulated. This situation presents a problem in those habitats 
with limited substrates (likely a very common state). Therefore, some level of self-regula-
tion (negation) in the collective would promote the survival of the collective, especially if 
these RNAs could interact with the substrate in a regulatory (riboswitch) manner. That 
efficient replicators become susceptible to parasitic replicators would provide an inherently 
spontaneous process of self-regulation. Yet, the collective will still need to promote replica-
tion when it is favored. Accordingly, it becomes important for members of the collective 
to be subjected to both positive and negative self-regulation via RNA–RNA interactions. 
However, here too, there must be some limits to self-regulation as the collective cannot 
tolerate overly active self-regulating members that will extinguish the collective. Thus, we 
see that being a successful member of a collective has many (and multiple) behaviors asso-
ciated with it. On top of that, as a QS-C replicates, these features will drift with time in a 
dynamic manner. In this context, we can see that a random RNA stem loop or a stem-loop 
RNA from a different QS collective would likely not be coherent with the other members 
of a particular QS. A QS society is generally rather specific for its members. Group selec-
tion has already started. Indeed, many experiments with RNA viruses infecting humans 
and animals have shown that a particular QS will exclude other QS of the same virus. 
And such society membership is also time dependent in that the serial passage of the same 
viral QS will usually result in subsequent QS that precludes prior individual members of 
the QS. This behavior has often been called a Red Queen behavior, but such a classical neo-
Darwinian view does not incorporate or acknowledge the issue of group membership. The 
membership view, on the other hand, allows us to understand the maintenance of minor-
ity types in the collective since these members can provide a needed but complementing 
catalytic control. Thus, a QS society is a network that will naturally promote the emergence 
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of membership. And as noted, defective interfering agents can also contribute to member-
ship control. As I have previously proposed (Villarreal, 2012), group membership can also 
be promoted by the combined action of toxic agents linked to antitoxic agents. A common 
version of a toxic agent is an endonuclease that will cleave sequences that are recognized 
(as foreign). The antitoxin in this case prevents the action of the endonuclease (e.g., via a 
bound protein or methylated base, dsRNA with another molecule, altered RNA fold). In 
this light, the endonuclease and ligation activities of stem-loop ribozymes are particularly 
interesting. A stem-loop ligase could provide a mechanism to recognize nonmember stem-
loop RNAs and destroy them by ligation. Recall, however, that serial ligation can also be 
used to copy a stem-loop RNA. But such a situation has several very interesting implica-
tions. One of the problems with a society of stem-loop RNAs is that to attain their com-
bined function, they need precise physical molecular placement relative to one another. 
This would normally require a high concentration dependence to counteract diffusion. By 
ligation, however, we could build a society of stem-loop RNAs that have covalently placed 
the various stem loops in the correct functional (or dynamic/regulatory) context and have 
lost their concentration dependence. It seems likely that such a process would involve an 
invasive self-colonizing stem-loop RNAs that result in one molecular entity with a com-
mon identity function. This would generate one entity that evolved from the ligation of 
a mixed set of stem-loop agents that now have a highly enhanced (collective) functional 
capacity. This collective would also have a highly enhanced capacity for persistence as it 
need not continually replicate individual stem-loop RNA agents to maintain its member-
ship. The collective, however, would still need to oppose nonmember or other parasite 
participation. Additionally, a collective might attain a conditional (regulated) replication 
capacity if it incorporates stem-loop RNA riboswitches. It is by such a process that we can 
now consider the origin of the ribosome.

Membership is thus crucial for living networks (systems) to emerge. In examining the liter-
ature relevant to QS, the RNA world, and RNA network formation, we can indeed find some 
experimental evidence that supports QS and the spontaneous emergence of RNA networks. 
But almost completely lacking from such experiments is any evaluation of the membership 
issue. For example, QS-like behavior has been observed with in vitro RNA replicator studies 
(Arenas and Lehman, 2010). Nonenzymatic template (peptide)–directed autocatalytic sys-
tems can show network behavior (Dadon et al., 2012). And communities of RNA ribozyme 
replicator sets can also show lateral evolution (Hordijk and Steel, 2012). Also rule-based com-
puting simulation has been applied to similar systems in an effort to understand the emer-
gence of parasites and antiparasites (Jalasvuori et al., 2010). Along these lines, the hypercycle 
kinetic model was proposed to be a system of cross-catalyzing RNA replicators that depend 
on cooperation for growth, but this is not a collective autocatalytic system as proposed earlier 
(Szathmáry, 2013). But hypercycles as proposed are not able to tolerate parasites, let along 
depend on them for development. Yet, the biggest problem of all such studies is that there is 
no assumption regarding the basic importance of network or group membership. Without 
this network membership concept and its attending strategies and mechanisms, authen-
tic collective action does not emerge. Systems do not develop. The dynamic nature of net-
work membership and collective action poses many unsolved problems for existing theory. 
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For example, how is the multipotential of an individual RNA to be evaluated within the 
QS-C if we cannot specify all the other interactions and how they change with time? We 
cannot apply our current ideas of fitness to this individual RNA as the historical and popu-
lation context is key. Network membership needs to be prominently considered if we are to 
understand the origin of the ribosome and the genetic code. As will be further outlined later, 
replicator identity marking via 3′ aminoacylated of a stem-loop RNAs appears most able to 
explain the origin of a tRNA-mediated genetic code. This is a big difference in our conceptual 
stance. For in contrast to Darwinian evolution, network members will generally have distinct 
ancestral histories. These members will mostly originate from separate parasitic lineages that 
were able to penetrate defenses and join the network (sometimes in mixtures). They do not 
need to descend from one individual or even be from the same type of agent (virus, trans-
poson, intron, intene, etc.). From this perspective, we can understand why the two halves 
of tRNA have distinct evolutionary histories, yet tRNA is a core agent for the evolution of 
life. Thus, neither the amino acid-based (peptide) ancestors nor the RNA-based ancestors 
need a common origin to participate in a symbiogenic network. QS-C theory supports such 
a network process. And we will continue to apply the QS-C perspective for the rest of this 
chapter. In the following, network membership will provide the basis for examining noncod-
ing RNA-based regulation needed for multicellular complexity (Lozada-Chavez et al., 2011).

20.10 CONCLUSIONS
The application of virolution overall to issues regarding the origin of life can provide us with 
a very distinct and new perspective on how living systems emerge from chemical replica-
tors. The emergence of cooperative QS-C thinking from the more accepted QS equations of 
Manfred Eigen, based on individual type selection, has provided a conceptual foundation 
from which collective action of RNA agents can now be understood. As group membership 
becomes a basic criterion for the emergence of living systems, we also start to understand 
why the history and context of the RNA society become crucial for social survival and func-
tion. History and context dependence also lead to the emergence of symbolic code in living 
systems. Indeed, this QS-C thinking can also provide us with a transition point between 
the chemical world of RNA replicators and the living world of RNA agents that must belong 
to their respective society. The power of a consortium to solve complex, multilevel problems 
that can even use opposing and minority functions becomes evident. This power, which 
promoted the emergence of the RNA world, did not become extinct with the emergence of 
DNA-based life. As we will see subsequently, the consortial action of parasitic RNA stem-
loop societies can also help us understand the emergence of our large social human brain.

GLOSSARY
ERVs: Endogenous retroviruses. Partial or complete sequences derived from retroviruses 

that have become part of the host genome.
Exapted: An evolutionary theory that proposes that DNA (genes) from other organisms, 

such as parasites, can become part of the host DNA following natural selection.
Genetic parasites: Genetic agents, such as viruses and transposable elements, that colo-

nize and use host systems for their own maintenance.
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Group identity: The capacity for a group of living and/or genetic agents to recognize other 
members of the same group.

LINEs: Long interspersed nuclear elements. Genetic agents, distinct from retroviruses, 
which derive from a type of retrotransposon, able to replicate from RNA via DNA.

LTRs: Long terminal repeats. The characteristic sequences found on both ends of a retro-
virus genome.

Matagenomic: The study of populations of genomes as they occur in particular habitats.
Network membership: The capacity of a network to recognize allowed members from 

nonmembers.
Networks: A system of agents (or elements) that interact in a coherent fashion, usually 

associated with regulation.
Pseudoknots: The ability of a stem-loop-like RNA to fold itself into two distinct and 

dynamic conformations.
Quasispecies: A population of related genetic agents that are derived by variation during 

replication.
Riboswitches: A dynamic RNA fold structure that interacts with a regulator (such as a 

small molecule) to change its conformation and function.
Stem-loop RNA: Small regions of RNA that can fold back on themselves to form base 

pairs.
Synbiogenic: The generation of genetic novelty via the stable interaction with a symbiotic 

organism.
tRNA: Transfer RNA; the small clover-leaf-shaped RNA that binds to the ribosome and is 

responsible for providing the correct amino acid in the triplet genetic code.
UTR: Untranslated region. Sequences of DNA that are regulatory and do not code for 

protein synthesis.
Virolution: A term coined by Frank Ryan to describe host evolution mediated by the 

action (selection, protection, integration) of viruses.
Virosphere: The extended virus composition of a biological habitat.

REVIEW QUESTIONS
1. What is meant by the term virosphere?

2.  What is meant by the term virolution? Explain how virolution promotes evolutionary 
novelty and why is this process more efficient than the serial selection from errors.

3. Explain quasispecies and QS-C. How do these two differ?

4. What are the individual agents in QS-C? How do they recognize each other? How is 
membership in the consortium determined and regulated?

5. Explain how the fitness of QS-C depends on diversity of its members.

6. Show the application of the concept of the ribozyme QS societies to the RNA world 
hypothesis. Why is it essential that one considers the QS societies rather than the indi-
vidual replicators?
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7. Spontaneous cooperating networks of stem-loop RNA replicators are at the origins 
of the RNA world. Discuss the concepts of networks versus social networks that have 
membership criteria. Why is membership important?

8. A QS society is specific for its members. Provide experimental data that illustrate this.
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21.1 CHAPTER OBJECTIVES
In the previous chapter, I outlined how virus can contribute to the origin of life. Here, I 
present how a similar process applies to human evolution. The currently accepted view 
is that when virus-derived information is found in host, viruses are simply providing an 
extended source of errors (diversity) that can occasionally become exapted by their host for 
host purposes. An infected individual host variant will survive and somehow adapt virus 
information for its own survival. Any networks that are then created from this informa-
tion would form in stepwise series of selection events. However, as presented in the previ-
ous chapter, virus-mediated evolution that involves cooperative quasispecies (populations 
of variants) relates directly to the earliest events in the evolution of life reaching all the 
way back into the RNA world (life before DNA emergence). This world is characterized 
by consortial, cooperative, multifunctional, and transmissive RNA agents that operate in 
groups and that can identify network membership and preclude nonmembers (immunity) 
(Witzany et  al., 2013). In this chapter, I examine the action of similar RNA agents in 
human evolution as a way to understand the processes and selective forces that promoted 
the emergence of our large and very social human brain.

21.2 NOTE TO THE READER
For the readers who are not experts in virology or molecular biology, I provide two miniprim-
ers, which explain more complex concepts. These primers are placed in the text as needed and 
can be recognized by the word primer in the subtitle. They are written in a more colloquial style 
and are referenced only sparingly. The readers who are experts in the field can skip the primers.

21.3 PRIMER 1: THE CONCEPT OF ADDICTION MODULES
The origin of the idea of an addiction module came from the study of persisting (transmis-
sible) P1 phage in E. coli in the early 1990s (from M. Yarmolinsky and colleagues at NIH). 
This phage was episomally maintained, yet it was very stable (not needing chromosomal 
integration). It attains its stability by expressing sets of genes that are both toxic (and stable) 
and antitoxic (but unstable). If the phage genome is lost (cured, such as during sexual 
transfer), the cured cell still retains the toxic activity and will kill itself. Thus, the persist-
ing phage insures that only persistently infected host will survive. This is survival of the 
persistently infected! However, the P1 phage will also oppose not only lytic infection by P1 
but also lytic and lysogenic infection by other phage. Thus, the host has acquired a more 
generalized survival phenotype (especially in the virosphere). This concept can be general-
ized for any host-specific persisting virus (or its defectives) that can protect it but also harm 
noninfected host. This concept also provides a clear mechanism that promotes both sym-
biosis and group survival. In this, it provides a major insight into how cooperation (virus–
host symbiosis) within groups can be generated and maintained without requiring kin 
selection or game theory. The concept can also be further generalized even more by pro-
posing that group identity in general is attained by the presence of a protective (antitoxic) 
function that when absent elicits a harmful (toxic) response. Thus, addiction modules of 
various forms become essential for group identity (including extended social bonding). 
The concept of virus-mediated group selection also applies to the Spanish conquistador 
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success in the New World. Thus, the addiction module represents a big generalized idea 
that is applicable to all levels of biology and drives symbiosis, identity, and complexity.

Why do addiction circuits exist in animal brains? Psychological pain has always presented 
a difficulty for evolutionary biology. In 1978, Panksepp hypothesized that social attach-
ments functioned by piggybacking onto the physical pain system and did so through opioid-
mediated processes. He noted the parallels between attachment processes and addiction.

But if this represents the toxic half of an addiction module that binds individuals 
together, it makes much more sense to be wired into brains. Strong social bonds must 
have been important for the origin of placental mother–infant relationship and care. How 
were they promoted? It is likely the placental regulatory network must have contributed to 
this. And when this bond is broken (e.g., by experiencing or learning infant death), very 
toxic (withdrawal-like) reactions are immediate. Similarly, the pleasure of love (infant and 
romantic) represents a beneficial (antitoxin) reaction that can also bind individuals. Thus, 
pair bonding and family bonding can be seen as an extension of the original maternal bond 
just as Panksepp proposed. But such thinking requires that group bonds be ingrained into 
the very origin and core of our biology (and are able to emerge from virus colonization). 
For this to be the case, we must reconsider some of the basic forces in evolutionary biol-
ogy (including a virus role and group selection) and must now move beyond the long-held 
belief that individual fittest type selection can account for complex network formation and 
emergence. Clearly, such a challenging reevaluation is necessary.

21.4 SOCIETIES OF HUMANS FROM SOCIETIES OF NONCODING RNA
Let us start by outlining some human features we wish to understand from our perspec-
tive. One current view is that humans are a hypersocial species that exhibit extended social 
bonding and social intelligence as basis of their more general intelligence (Striedter, 2005). 
Many mammals show maternal bonding. A few mammals show mate bonding but very few 
show extended (nonfamilial) bonding. We can start by asking how evolution can promote 
the emergence of an extended large social brain from a maternal one, based on the assump-
tion that complexity is added to preexisting systems. In addition, we can also acknowledge 
that these recent brain changes are mostly not mediated by genetic coding regions (infor-
mation translated into protein) but by changes in networks of genetic regulatory regions 
(information that controls gene expression) and noncoding RNA, including epigenetic 
processing (environmental, not code-mediated regulation). This then informs us of our 
evolutionary objective: the addition of complex network regulation onto maternal bonding 
systems to promote a large brain that is competent for more extended social bonding and 
increased intelligence. A fundamental role of societies of RNA stem-loop structures in this 
brain evolution will be presented. And these regulatory RNAs are proposed to have derived 
mostly from the complex colonization by mixed virus and retroposon agents [e.g., ERVs 
(endogenous retroviruses)] and their defective elements (noninfectious ERV segments) 
(Witzany et al., 2013). These agents provide the raw material and initiating pressure to form 
new networks of regulatory programming for altering the identity of various stem cells.

But in order to understand the basis for this reasoning, we must first revisit some very 
dearly held views about the nature of evolution: the unvarying importance of individual 
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fittest type selection. Ironically, it was from a premise of individual fittest type selection that 
Manfred Eigen first developed the ideas of quasispecies to explain the behaviors of diverse 
RNA virus populations (Eigen, 1971). But as presented previously, the experimental evaluation 
of quasispecies by virologist led us to conclude that they operate as cooperative consortia (col-
lectives) that can recognize members and preclude nonmembers; see Domingo et al. (2012). 
Since RNA diversity per se is crucially important and individual fittest type selection becomes 
much less important, we employ the term quasispecies collective (QS-C) to describe the role 
of diverse RNA in evolution (Villarreal and Witzany, 2013). Previously, I presented a basal role 
of stem-loop RNA collectives in the emergence of the RNA world. A concept that emerges 
from the features of these collectives is that they are transmissive RNA societies (infectious 
QS) that play a central role for the origin of group identity (social membership) during evolu-
tion. Group identity resembles multilevel selection (Shelton and Michod, 2010). The concepts 
of identity, immunity, and the role of addiction modules (a linked set of toxic/antitoxic func-
tions that must be kept together to prevent harm) all factor into understanding group iden-
tity. I will now trace how viruses (and other genetic parasites) have promoted the formation 
of new human identity networks. That pathway is initiated by virus (via RNA network) but 
runs through reproductive tissue, embryonic stem cells, and the placenta and onto the recent 
changes of our brain. Maternal behavior mechanisms are examined as the basis of human 
social adaptation and change. And finally, the genomes of Homo sapiens and Neanderthal 
will be considered from a virus first perspective. Here too, clear virus footprints are seen. This 
leaves us positioned to now seriously consider how viruses contributed to making us human.

21.5 PRIMER 2: THE CONCEPT OF QS-C AND SOCIAL COHERENCE
It can be very difficult to understand how a population of genetic entities can operate as a 
coherent whole. Many questions are raised.

For example, how can RNAs recognize each other within QS-C, and how can they pre-
vent other viral RNAs from joining their consortium? What prevents two different viral 
QS-C from joining together? Would we not expect that the defective RNA agents would 
ultimately not compete with other RNAs in attacking/reproducing in the host? Why might 
they also be retained? There is too much relevant experimental evidence to summarize 
succinctly regarding such questions. However, the following metaphor might be helpful. 
Let us think of it in terms of language dialects that change but must retain competence 
for communication (via RNA and RNA–protein interactions). The defectives (and others) 
become efficient and better users of the regulatory dialect used by the current nondefec-
tives. Eventually this makes them too efficient, which will crash the whole population. In 
addition, and often at this time, some new nondefectives generate dialect variations that 
are less susceptible to the past defectives. This leads to emergence of new populations of 
nondefectives that tolerate old dialects (although all the old dialects still stay around as 
minorities). Thus, any member of the QS must have evolved to be coherent with past and 
current regulatory dialects. They must be competent for the particular QS they are mem-
bers of. This inherently promotes group identity and is the reason why different QSs will 
clash with each other.
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21.6 SOME PROBLEMS WITH COMMUNICATION
As it is the aim of this chapter to address the emergence of complex group social behavior, 
it will be essential to define what networks (groups) are and how they form from the per-
spective of a consortium of RNA agents. However, it will be very difficult to think about 
and to communicate these issues. This is not because they are so inherently complex but 
more because they are fundamentally interactive (social) phenomena that resist linear 
explanations. The various relevant strategies involved in networks and group identity are 
linked. For example, the issue of group identity and individual immunity would seem to 
be separate topics. We can, for example, devise assessments of these features by separate 
measurements. Yet, as I will present in the following, immunity mechanisms are very the 
same as group identity mechanisms, and both operate using equivalent strategies (such as 
addiction modules), which can destroy nonidentity and nongroup membership. Apoptosis 
(programmed cell death) is a prime example of this: it is used for both pathogen immunity 
and self-identity (cell-type programming). I will describe how these very same strategies 
(addiction modules) can be applied to extended social bonds of humans in order to pro-
mote group identity. We cannot separate these issues into distinct linear ideas.

A social system will also have individual agents (such as RNA stem-loops) that will fun-
damentally have multiple (often opposing) activities and uses (see Figure 20.2). Thus, a sys-
tem or network must always have internally opposing features. But this presents us with a 
problem. Humans are clearly capable of complex parallel processing of information, espe-
cially social information. But our language is necessarily a linear system that promotes linear 
communication (such as this text) and thinking. We tend to think about the linear functions 
of agents (such as stem-loop RNAs). Yet, as we will see, such RNAs (like Alu’s) never resolve 
to one particular function. They are always multifunctional. But our tendency will be to 
think that we simply have not figured out how the original (master type) and most basal Alu 
RNAs function from which all the others must have subsequently evolved. We will likely go 
back to the bench to try to figure out this first putative master function. But try as we might, 
we always find different functions for different contexts. A network simply does not oper-
ate via linear processes. RNA acts like a word and the network like a language; a word will 
always have multiple meaning depending on context and use history. We can always put not 
in front of a word (or make it antisense for RNA) and completely transform its meaning and 
use. If we are alert to this problem in our thinking, we can avoid many logical pitfalls that 
will otherwise occur. We must start to think and communicate socially, not serially.

There is another dilemma posed by individual-type selection. This is the idea that errors 
are the main source of the variation needed for natural selection to promote the improved 
version of the genetic instruction in surviving individuals. Thus, we see indels (insertions 
and deletions of various transposons) as a large supply of errors for such recent selection in 
the human genome. And it is reasoned that from this seemingly catastrophically high level 
of transposon introgression (genome colonization), natural selection was able to promote the 
serial emergence of the human brain, the most complex of any entity we know. I suggest this 
is the error of errors! If we instead consider this situation from a virolution QS-C perspective, 
the formation of a coherent diverse set of viral agents becomes a key for success. What must 
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then happen is not a rain of sequential errors by introgression but a coordinated hack of the 
complex instruction and identity network that controls the host nervous system. This is a 
high-level programming indeed, requiring intimate competence of the most basic operating 
system (the stem cells), in order to reprogram the development of the fetal and the adult brain. 
This will not be accomplished by the actions of a lone individual agent that just happened 
to find the Achilles heel of the host network. It will require an army of coordinated diffuse 
agents, and not necessarily of the same genetic lineage. Its competence will stem from the 
power of virus QS-C to adapt to many (even conflicting) situations in parallel by using RNA-
based diversity and identity and operate via a diffuse (but still coherent) instruction set.

21.7  COMPLEX SOCIAL PHENOTYPES OF HUMANS: EXTENDED 
BONDING VIA REPURPOSED REGULATORY RNA NETWORK

The central importance of human social capacity has led some to propose the reintroduction 
of group selection in order to understand human evolution (Wilson and Sober, 1994). Let us 
examine this controversial suggestion from the perspective of QS-C virolution, which promotes 
group selection. The large human brain is metabolically costly and places major demands on 
the placenta to develop. But newborn humans are among the most helpless and incapacitated 
of all mammals as aside from defecation, they must learn essentially all the activities needed 
to survive, including eating. But following birth, social learning initiates and will develop into 
many social capacities (e.g., language) and complex social behaviors including extended bonds.

Strong arguments have been made that the enhanced human social brain is thus the cru-
cial change to be understood; see Parr (2003). Biologically, we might therefore focus on the 
genomic changes that underlie the emergence of this large social brain, along with its capacity 
for language and other social abilities; see Konopka and Geschwind (2010). Our objective is 
to evaluate recent human-specific adaptations (such as Neanderthals) for evidence of virus 
(and QS-C) involvement. Along the way, we already have some strong clues to guide us. For 
example, we know that many social behaviors (monogamy, parental care, cooperative breed-
ing) are strongly influenced or mediated by neuropeptides (vasopressin and oxytocin); see 
Konopka and Geschwind (2010) and Goodson (2013). So, this will provide some mechanistic 
focus for our evaluation. The distinctions between Neanderthal and Homo sapiens cogni-
tion will be of particular interest (Somel et al., 2013). As noted earlier (and further explored 
in the following), stem-loop RNAs mediate much of the identity of infectious RNAs. And 
they are mostly derived and transcribed from junk DNA (retroposon-derived DNA of no 
apparent function). Thus, the acquisition of noncoding and stem-loop RNAs in brain evolu-
tion (and immune/apoptosis response) will provide an initial focus; see Barry and Mattick 
(2012). Similarly, microRNAs (very small regulatory RNA) are involved in learning and social 
behavior disorders (Muiños-Gimeno et al., 2011) as well as RNA editing (changes to RNA 
code after copying) and can operate via stem-loop Alu RNA that will also be considered 
(Paz-Yaacov et al., 2010). Were the genetic regulatory networks underlying maternal care in 
placental mammals repurposed by RNA genetic colonization, and does this apply to more 
expanded social (group) bonds (Pedersen, 2004)? Considering the maternal bond, how the 
maternal brain is influenced by pregnancy (the placenta) (Kinsley and Amory-Meyer, 2011) 
and breast-feeding (Kim et al., 2011) is of interest. Rodents are particularly useful for this 
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issue, and the role of oxytocin in inducing maternal behavior will be examined (Pedersen 
et al., 1982). The role of oxytocin in extended (group) human social bonds is also considered 
(Feldman, 2012). However, for extended human bonds, the fetal and male brain must become 
susceptible to neuropeptides that regulate bonding (paternal and mate), and it is likely that 
in both rodent and human males, vasopressin is more involved (Wynne-Edwards, 2001; 
Walum et al., 2008). The repurposing of such regulatory networks was mediated by parasitic 
DNA agents and stem-loop RNAs acting on their receptors (Hammock and Young, 2005; 
Donaldson et al., 2008). A major site for modifying brain development was the frontal lobe 
(Hoffmann, 2013) and also modifications to some dopamine (i.e., social) functions (Camperio 
Ciani et al., 2013). These modifications are linked to motivational and reward systems (Aron 
et al., 2005). Indeed, the great apes in particular have mostly extricated themselves from the 
use of olfaction for social learning as done by the rodents (Sanchez-Andrade and Kendrick, 
2009). The role of the large olfactory bulb (brain region for odor processing) and vomeronasal 
organ (VNO) (a patch of sensory neurons in the nasal–oral cavity for pheromone detection) 
for social learning is mostly lost. In humans, social learning can be voice (language) and 
sight (facial) based with corresponding brain network modifications. These changes were also 
mediated by genetic colonization and network repurposing (see Figure 21.1 and Table 21.1).
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FIGURE 21.1 Human genome composition including various types of genetic parasites. 
(a) Transposable elements (TEs) implicated in the generation of primate-specific traits. (b) Types of 
events mediated by TEs underlying primate-specific traits. Passive events entail TE-mediated dupli-
cations, inversions, or deletions. (c) Aspects of primate phenotype affected by TEs. (Reproduced from 
Oliver, K.R. and Greene, W.K., Mob. DNA, 2, 8, 2011. With permission.)
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That viruses might be important for human evolution is not a new idea; see Van Blerkom 
(2003). But all such prior proposals present the traditional arms race or tit-for-tat strategies 
(involving single-host adaptations followed by counter pathogen adaptations) that involve 
viral plague sweeps (killing of host by infections) in susceptible populations yielding occa-
sional surviving individuals. As presented here, however, the very networks controlling 
cellular identities that led to complex social learning capacity were mediated by infectious 
RNA QS-C colonization events. These colonization events create networks, directly affect 
group survival, and alter host-specific viral ecology. Although social scientists have long 
felt the need to explain the extensive human social capacity by mechanisms that relate to 
group survival, no direct mechanism for group selection could be identified. Since the 
1960s, group selection has been solidly rejected by neo-Darwinians as individual fittest 
type and natural selection seemed able to explain social behaviors (such as altruism) when 
kin selection and/or game theory is applied. But such theories emerged prior to the dis-
covery of the massive and diverse virome (the virus composition of a habitat). Now, QS-C-
mediated virolution can provide a clear mechanistic foundation for group identity and 
group survival (Villarreal, 2006, 2007, 2008, 2009a, 2012a). Thus, QS-C-mediated genetic 
phenomena inherently support group selection. Consider the trophectoderm (outer cell 
layer) that produces the placenta and mediates implantation in embryonic mammals. Was 
virolution involved in this novelty? Similarly, the placenta, the maternal brain, and our 
large human brain can also be examined for evidence of virolution.

21.8  ENCODE PROJECT: VIRAL JUNK AS ESSENTIAL 
FOR COMPLEX RNA REGULATION

How do we reregulate a complex network for even greater complexity, such as in our 
brain? Can the idea of QS-C/virolution apply to this? For many years, molecular biolo-
gist assumed that the complex RNA expression patterns observed by various techniques 
in the mammalian brain were due to the expression of many genes, as expected for 
such a complex organ; see Chaudhari and Hahn (1983). However, comparative genom-
ics has made clear that gene transcription differs little between human and great apes 

TABLE 21.1 TE Activity in Human and Chimpanzee Lineages

Element Chimpanzeea Humana 

Alu 2340 (0.7 Mb) 7082 (2.1 Mb)
LINE-1 1979 (>5 Mb) 1814 (5.0 Mb)
SVA 757 (>1 Mb) 970 (1.3 Mb)
ERV class 1 234 (>1 Mb)b 5 (8 kb)c

ERV class 2 45 (55 kb)d 77 (130 kb)d

(Micro)satellite 7054 (4.1 Mb) 11,101 (5.1 Mb)

Source: Modified from Chimpanzee Sequencing and Analysis Consortium, 
Nature, 437, 69, 2005. With permission.

a Number of lineage-specific insertions (with total size of inserted sequences 
indicated in brackets) in the aligned parts of the genomes.

b PtERV1 and PtERV2.
c HERV9.
d Mostly HERV-K.
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(Khaitovich et al., 2004). Indeed total gene numbers differ remarkably little between the 
simplest animals (Caenorhabditis elegans) and humans. But by far, the biggest differences 
between human and chimpanzee genomes were due to indels (insertion and deletions) 
(Watanabe et  al., 2004; Mills et  al., 2006; Wetterbom et  al., 2006). The great majority 
of these indels are the result of retrotransposon activity of various types [ERVs, long 
terminal repeats (LTRs), long interspersed nuclear elements (LINES), and Alu’s being 
most numerous]. This is shown in Figure 21.1 and Table 21.1. Of these changes, the Alu 
elements and their transcripts are particularly active and affect RNA editing and intron 
splicing (internal RNA removal from mRNA) in the human brain (Sakate et al., 2007).

In addition, they are frequently involved in epigenetic control and can emerge or expand 
rapidly in genomes (Zeh et al., 2009). Such a large-scale retroposon colonization would 
seem to pose a highly genotoxic situation for the human genome, an idea which seems sup-
ported by genomic analysis (Keightley et al., 2005, 2006). And yet this noncoding DNA is 
species specific (Toder et al., 2001), evolving quickly in humans (Bird et al., 2007), but also 
appears to be under very strong selective constraints (Bejerano et al., 2004; Bush and Lahn, 
2005). This seems problematic in several ways: for one, such an inherently destructive event 
should only seldom result in novel or complex phenotype. Indeed, that this component 
of the genome shows a high rate of change was previously used to argue for the idea that 
it must be junk DNA. However, more recently, the ENCODE project has corrected out 
thinking. As mentioned in the last chapter, this project sought to characterize all the RNA 
transcribed from the human genome, including RNA that is not cytoplasmic polyadenyl-
ated mRNA (protein coding) but is noncoding RNA (Mattick, 2005). It has established 
that most of the junk DNA is transcribed and that 95% of the transcripts are from repeated 
sequences that were retrotransposed (Mattick, 2010; Mattick et al., 2010), including pre-
viously poorly studied class of long noncoding RNA (lncRNA); see Khalil et al. (2009). 
Furthermore, these noncoding transcripts appear particularly relevant to human brain 
and cognitive development (Mehler and Mattick, 2007; Mattick and Mehler, 2008; Barry 
and Mattick, 2012). Additionally, long-term memory also seems to use noncoding RNA 
(Mercer et al., 2008). These observations have led J. Mattick to propose that genetic pro-
gramming in higher organisms has been misunderstood for 50 years (Mattick, 2011). We 
now realize that regulatory RNA derived from retrotransposons is key to eukaryotic com-
plexity, compelling us to abandon the concept of selfish junk DNA. But in this realization, 
we also come to realize this regulatory RNA is operating mostly as stem-loop RNAs that 
have complex, multilevel, and even opposing functions. It is clearly operating and evolving 
as a network.

21.9 APPLYING QS-C/VIROLUTION TO NONCODING RNA
Human-specific ERVs (HERVs, especially HERV-K and HML2) do distinguish the various 
hominid species, such as humans and chimpanzee, from one another (Barbulescu et al., 
2001; Polavarapu et al., 2006; Romano et al., 2006, 2007; Buzdin, 2010). Plus, there are a 
much larger number of solo LTRs derived from the HERVs, all of which appear to have 
evolved from HERV-K versions of virus (Buzdin et al., 2002). Some of these LTRs are clearly 
affecting RNA regulation (Buzdin et al., 2006; Gogvadze et al., 2009). Given the number 
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of solo LTRs in the human genome (about 310,000) and the fact that they arise following 
excision of integrated full-length ERVs, it can be estimated that during its evolution, the 
human genome once hosted ERV DNA that would have equaled its full current DNA con-
tent (3 × 109 bp). Thus, retroviruses have indeed been very active editors of human DNA. 
In this light, it should also be added that of all chromosomes, Y chromosomes differ most 
dramatically between human and chimpanzee (visible via chromosome staining—hetero-
chromatic C—bands). And the Y chromosome has been called a graveyard for ERVs since 
they harbor the largest numbers of these elements (Kjellman et al., 1995).

21.10 VIRUS, NONCODING RNA, AND REPROGRAMMING STEM CELLS
The reprogramming of neurons to promote the emergence of a large social brain must have 
included alteration to their predecessor stem cells. Currently, numerous studies have sug-
gested that retroposons and transposable elements (TEs) have mediated many of the net-
work changes that have been needed in stem cells; see von Sternberg and Shapiro (2005), 
Kunarso et al. (2010), and Alzohairy et al. (2013). These views propose the host-mediated 
domestication of these selfish elements (Presutti et al., 2006; Mehler and Mattick, 2007; 
Qureshi and Mehler, 2009; Mattick, 2010; Smalheiser et  al., 2011). We know that such 
rewiring network events can be quick during evolution, quicker than changes to protein 
networks (Shou et al., 2011). What is missing from such proposals, however, is a mecha-
nism that can rapidly initiate network reregulation. Often the vague idea of genomic stress 
has been proposed to contribute, but the reason why this initiates network reregulation 
is not obvious. Also missing from such ideas is any acknowledgment that the responsible 
retroagents all must reproduce via RNA and hence generate large diversity (via QS-C). 
Thus, current idea for retroposon involvement in networks is still basically one of pro-
viding errors that occasionally become useful. I do not see how such a serial error-based 
process creates networks. However, if the precipitating event is the genome colonization by 
what is often mixture of exogenous retroviruses and if such an event engages resident ret-
roposons to respond in populations (networks), we begin to see how network reregulation 
can be initiated. Consistent with this idea, the HERVs have achieved high germ-line copy 
numbers mostly via reinfection with replication-competent versions of exogenous (trans-
missible) virus, which can also be complemented in trans by other viral agents (Belshaw 
et al., 2004, 2005). It is thus proposed that precisely such reinfection events will promote 
the modification of regulatory RNAs (such as stem cell–specific expression of lncRNA) 
(Khalil et al., 2009; Loewer et al., 2010; Pauli et al., 2011) and why this is mostly derived 
from retrotransposons (Kelley and Rinn, 2012).

Retroviral regulatory RNAs mostly operate as stem-loop RNAs that control ERV rep-
lication, transcription, and assembly typically by epigenetic mechanisms (Maksakova 
et al., 2008; Rowe and Trono, 2011). The retroviral regulatory regions (such as LTRs) will 
become distributed by integration into various compatible (mostly regulatory) genome 
sites. These newly acquired regulatory regions also have limited sets of transcription factor 
(proteins that regulate transcription) binding sites, and in this way, they can reprogram 
stem cell expression networks using only a limited set of stem cell–specific transcription 
factors (Kunarso et al., 2010; Loewer et al., 2010; Lynch et al., 2011; Gifford et al., 2013). 
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Indeed, it was precisely such a process that accounts for the global role of the HERV-K 
LTR in altering p53 binding changes and creating new regulatory networks in human 
evolution (Wang et al., 2007). Let us consider this same scenario in the context of mouse 
and human stem cells.

21.11  FROM MOUSE ZYGOTE TO EMBRYO: NETWORKS 
AND RETROPOSONS

Nowhere in the development of mammals is the implementation of complex gene control as 
crucial as it is early in development. Initially, the mammalian egg cell contains a high level 
of maternal RNA. Following fertilization, the paternal nucleus becomes transcriptionally 
active in the zygote, and maternal transcripts are decreased. Cell division then begins and 
soon thereafter, the cell programming begins that will soon produce the trophectoderm, 
the outer layer of cells that will become the placenta and allow implantation into the uterine 
wall. Indeed, all of these phases of early development are tightly linked to various aspects of 
expression and control by mostly ERV-derived RNA. We have increasingly come to realize 
that ERV and retroposon are not only tightly associated with these events but also involved 
in their regulation. As mentioned, the ENCODE project has also made clear that retrovi-
ruses and retrotransposons are actively transcribed into various RNAs that exert regulatory 
control over most events of gene expression (Harrow et al., 2012). Thus, retroposon-derived 
genomic DNA appears to more closely scale with the complexity of the eukaryotic organ-
ism that contains it, compared to gene content (Mattick, 2005; Mercer et al., 2009; Mattick 
et al., 2010). Such retroposon regulatory RNA is also much more involved in the origin and 
function of the human nervous system, and human cognition then was previously realized 
(see Sections 21.14, 21.15, 21.17, 21.20, and 21.21). Furthermore, such noncoding regulatory 
RNAs are generally multipurposed and are simultaneously or conditionally involved in 
several functions (Mattick and Gagen, 2001; Katayama et al., 2005; Mattick, 2011).

21.12 MOUSE OOCYTE AND EMBRYONIC STEM CELLS
It has been known for some years that early mouse embryos are highly active in transcrib-
ing from ERV LTRs (Peaston et al., 2004, 2007; Maksakova and Mager, 2005; Feschotte, 
2008). Indeed, a considerable portion of a mouse oocyte RNA pool is derived from 
class III LTRs (Evsikov et al., 2004; Peaston et al., 2004, 2007). And this RNA appears to 
regulate embryo development; see “Systems biology of the 2-cell mouse embryo (Evsikov 
et al., 2004) and Rowe and Trono (2011). A systems analysis approach to evaluating total 
transcription patterns during oocyte, zygote, and early mouse embryo development has 
found that high levels of retrotransposon transcription occurs and changes during these 
crucial cell divisions. In oocytes, LTR class III ERVs and retrotransposons make an espe-
cially high contribution to maternal pools of mRNA (Evsikov et al., 2004; Peaston et al., 
2004, 2007). And following fertilization, the paternal nucleus also transcribes an unex-
pectedly large amount of similar RNAs that can exert regulatory control over embryo 
development (Ohnishi et al., 2010, 2012). Not only are the ERVs providing small regulatory 
RNAs in development, but the expression of the encoded ERV-L gag protein (retroviral 
capsid) is also crucial for early mouse development (Kättström et al., 1989; Benit et al., 1997; 
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Kigami et al., 2003; Svoboda et al., 2004; Macfarlan et al., 2012). Human oocytes transcribe 
similar ERV sequences (Nilsson et al., 1992). Given that many of these ERVs are relatively 
young elements in evolution of host genomes, the question is raised of why they would 
be providing such a basic regulatory role for early development. In the case of the older 
MuERV-L gag (endogenous murine leukemia virus) expression, it is also clear that this 
viral capsid gene can provide a virus restriction function (able to inhibit similar virus, 
like the FV-1 locus does), thus affecting the host–virus relationship. Another crucial issue 
regarding regulatory RNAs relates to the epigenetic control of retrotransposons in early 
development. High-level ERV expression in the early embryo is followed by a generalized 
(but not total) suppression of ERV transcription by epigenetic repression (such as histone 
methylation, Huda et al., 2010). Yet, many of these ERVs also provide essential regulatory 
(and promoter) elements used during embryogenesis. This situation appears inconsistent 
with the generally held view that epigenetic ERV suppression was initially acquired as an 
immune system to protect the germ line against colonization by retrotransposons. Since 
the early embryo is most affected by and open to genetic modification by endogenizing 
retroviruses, its exclusion would have prevented these developments. And as the embryo 
develops further, generating the trophectoderm and inner cell mass, we also see ensu-
ing high-level activation of specific but mixed and species-restricted ERVs, such as IAPs, 
HERV-K, and ERV-L, that were acquired during placental evolution (see Figure 21.2).
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FIGURE 21.2 Acquisitions of ERVs during placental evolution. Patterns of ERV colonization 
linked to evolution of placental species. (Reproduced from Kaneko-Ishino, T. and Ishino, F., Front. 
Microbiol., 3, 262, 2012. With permission.)
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Why then is there so much activity by these parasitic agents at these crucial stages of 
development? According to the precepts of QS-C-mediated virolution, I would propose 
that these ERVs had colonized as QS consortia to superimpose new identity (and immu-
nity) networks onto their host, which permanently alters the virus–host relationship and 
allows the maintenance of the new viral information. This new network is then available 
to modify host cellular identity and behavior. Accordingly, a particular focus of HERV-K-
related ERVs that are found in our genomes is in order as these viruses are also specifically 
and precisely expressed in human embryonic stem cells (Santoni et al., 2012).

21.13 LINES AND ERVS
Retrotransposon activity in an early embryo is not limited only to ERVs. Following ERV 
activation in the oocyte and zygote, there is also a rapid induction of LINE-1 activity in the 
early embryo (van den Hurk et al., 2007; Kano et al., 2009; Vitullo et al., 2012). And this 
activity is also associated with the programming of pluripotent stem cells. Thus, we can see 
that reverse transcriptase activity appears to be essential for early mouse embryo develop-
ment (Beraldi et al., 2006; Sciamanna et al., 2011). Given the competing and sometimes 
excluding patterns of ERV and LINE colonization in the genome, it also seems likely that 
there are various interactions between these two retroposon agents that are operating. Thus, 
it is interesting that most L1 elements are retrotransposition defective; nonetheless, there are 
approximately 100 full-length L1s potentially capable of retrotransposition in the diploid 
genome. The issue of possible interaction between ERVs and LINES will also be interesting 
in the context of the origin and evolution of Alu elements, which clearly required LINE-
mediated 5′ (end) integration but were derived from 7S RNA (involved in transport and 
found in all domains of life). 7S RNA was itself initially discovered as specifically packaged 
into all retroviruses. As Alu introgression (genome colonization) into the human genome 
was a major event in our recent evolution, possible retroposon interactions (i.e., social 
RNA) are of crucial interest. Thus, it is noteworthy that the 5′ untranslated region (UTR) 
of full-length human L1 produces bidirectional transcripts that can also be processed to 
small interfering RNAs (siRNAs) that suppress retrotransposition by an RNA interference 
(RNAi) mechanism. Therefore, an RNAi triggered by antisense transcripts (complement of 
the mRNA sense) may modulate human L1 retrotransposition efficiently and economically 
(Yang and Kazazian, 2006; Sekita et al., 2008). Thus, retrotransposons clearly appear to be 
multifunctional and interact among themselves. A society of retroposon RNAs are interact-
ing with and involved in host development as proposed (Witzany et al., 2013).

21.14 NONCODING RNA, NEURON IDENTITY, AND THE HUMAN BRAIN
The placenta can clearly affect the development of the maternal brain and learning the mater-
nal bond. However, the maternal (social) bonding–learning processes had been previously well 
used in all other tetrapods. As noted previously, in all these vertebrates, olfaction-based social 
learning was of central importance throughout their evolution, but this was largely lost in 
human (and the other great ape) evolution, along with acquisition of trichromic (color) vision. 
Both the loss of this prior (olfactory) identity system and the gain of an extended new social 
identity system were mediated by the action of virus, retrotransposons, and regulatory RNA.
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21.15 ERV-MEDIATED PLACENTA EMERGENCE
The placenta is considered a very significant and complex biological innovation, but explain-
ing its emergence poses a serious test for any theory of evolution. Can QS-C-mediated viro-
lution help us understand the origin of the placenta? The placenta is an astonishing organ. 
It feeds the embryo by invading and interfacing with the mother’s blood supply, prevents 
rejection by the mother’s immune system, and alters the mother’s physiology and behavior 
from self-centered to offspring centered (Loke, 2013). This is shown in Figure 21.3.
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FIGURE 21.3 Human embryo implanted via placenta into uterine wall. (Reproduced from Barlow, 
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It is also very interesting that unlike other organs, the placenta is an organ that varies 
substantially between species, including clear differences in humans relative to chimpan-
zee placenta (Lynch et al., 2011). The control and coordination of such complex placental 
functions via gene expression rely on transcriptional and posttranscriptional regulatory 
networks. It is estimated that about 1500 genes had to acquire distinct regulatory con-
trol with the emergence of the placenta (Lynch et  al., 2011, 2012; Chuong et  al., 2013). 
The placental regulatory network is indeed highly affected by ERV (LTR) activity (Chuong 
et al., 2013). And placental phylogeny relates closely to ERV and retrotransposon compo-
sition (Murphy et al., 2007) (see Figure 21.2). These varied ERV changes clearly resemble 
a genome colonization event that involved many related viral regulatory elements and 
resulted in a new coherent network. Thus, this is also strong evidence that mixed ERV 
colonization was indeed the crucial initiating event in the origin of the trophectoderm and 
placenta (Feschotte, 2008; Feschotte and Gilbert, 2012; Lynch et al., 2012). And the result-
ing complex transcriptional network was adapted also to address complex host–fetus inter-
face functions. Thus, at the origin of all the placental orders, there indeed does appear to 
have been major species-specific changes to the genomic ERV content as well as changes to 
other retroposons (Ohshima et al., 1993; Kim et al., 1999, 2000; Kim and Takenaka, 2001; 
Churakov et al., 2009; Nishihara et al., 2009; Suh, 2012).

21.16 CLASH OF ZYGOTE IDENTITY AND IMMUNITY NETWORKS
There is an immunological dilemma associated with the origin of viviparous (live, not via an 
egg) birth and the placenta. Since the implanted embryo is the product of sex, it will contain 
paternal genes not found in the maternal genome. Given the close blood contact between 
mother and embryo (including the exchange of antibodies), the mother’s adaptive immune 
system should recognize and reject the embryo. But this usually does not happen. Previously, 
I have argued that the biological complexity posed by adaptive immunity and the problem 
of embryo implantation in placental species presented very complex problem that required 
a network-level solution. Virus population with their inherently invasive, endogenizing, 
and immune-suppressive functions provides a ready-made solution to solve such complex 
problems (Villarreal and Villareal, 1997). However, even this argument did not suggest a 
more fundamental role for virus in the emergence of the placenta (and host complexity) itself 
(or networks per se), as I am now suggesting. A role for QS-C-based virolution in network 
origination was previously absent. Indeed, virus-mediated evolution can even be applied to 
explain the origin of the adaptive immune system itself (Villarreal, 2007, 2009b, 2011, 2012b).

21.17 MIXED RETROVIRUSES AS ESSENTIAL REGULATORS
ERV mixtures were involved in human evolution. Historically, whenever it is observed that 
virus-derived information has become part of the host, we say that the host has exapted 
(taken) this viral information for host survival. This is always in the context of single viral 
gene acquisition, which would likely also be mediated by a surviving individual host. But 
network emergence is complex and requires a population-based mechanism and resists 
such simple serial explanations. Given the large role of endogenized retrovirus in placental 
networks, one might suspect that more complex colonization events must be applied to 
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explain the role of virus in the emergence of the placenta. ERV-derived genes used by the 
placenta are uniformly proposed by researchers to have been exapted by the host. But these 
genes can clearly show complex mixed-virus control. This is best illustrated by the syncytin 
genes. Syncytin is an env-related DNA sequence found in the human and other mammalian 
genomes that was clearly derived from a retrovirus env gene as first discovered in humans 
(Blond et al., 2000; Mi et al., 2000). There are two syncytin genes that are derived from the 
different human-specific ERVs, HERV-W, and HERV-FRD, respectively. These became inte-
grated into a primate lineage 25 and >40 million years ago (MYA). They provide essential 
fusogenic (membrane fusing) and immunoregulatory gene functions for the placenta and 
are required for placental development and embryo implantation. Related genes appear to 
exist in most orders of mammals, also derived from distinct ERVs, some of which appear 
to have recently integrated (Benit et  al., 2003; Mangeney et  al., 2007; Heidmann et  al., 
2009; Dupressoir et al., 2011; Vernochet et al., 2011). These syncytin genes themselves are 
controlled by a very complex mix of ERV regulatory domains derived from other distinct 
retroviruses (Pérot et al., 2012) (see Figure 21.4). Thus, proposing that such complex ERV 
regulation and expression results from an exaptation event seems clearly untenable.

In addition, other ERV env gene domains (such as a TM immunosuppressive domain) 
from the more recently acquired human-specific ERV (HERV K) are precisely expressed in 
the same crucial placental tissues (Prudhomme et al., 2005; Kämmerer et al., 2011; Haig, 
2012). We do not yet understand the functional significance of this HERV-K env expres-
sion in the human placenta. However, we do know that HERV-K retains RNA stem-loop 
folding regions that have various activities on transcription (such as transport) of HERV-K 
transcripts (Yang et al., 2000).

21.18 PLACENTAL AND MATERNAL BEHAVIOR
The success of placental mammals was not only due to the major changes in reproductive 
structures and tissues, but it also required significant alterations to behavior, especially 
maternal behavior. Thus, it is of great interest to examine the placental role in the control 
of the maternal brain and the resulting maternal behavior. These behavioral adaptations 
principally required brain changes that expanded and social learning and bonding capac-
ity. But why should any virus (let alone mixtures) be involved in this event? The biology 
of mammalian reproduction involves numerous cell types, including the oocyte, sperm, 
zygote, and the placenta. These tissues are also a rich habitat for viruses, many of which 
establish persistent lifelong infections and are maternally or sex transmitted. This species-
specific mixture of persisting viromes can have a very profound and differential effect on 
the host reproductive success. Thus, sexual behavior becomes a big factor in virus–host 
ecology and host fitness. Can the mechanisms used for pair bonding and paternal bonding 
in rodents provide insight regarding human evolution?

21.19 BRUCE EFFECT AND EXTENDED SOCIAL BONDING
The Bruce effect is the prevention of implantation of a fertilized mouse oocyte follow-
ing the olfactory exposure to a male that was not the father (Brennan, 2001, 2009; Keller 
et  al., 2009). The olfactory signals involved are present in the male’s urine. Exogenous 
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progesterone can inhibit this implantation interference (Rajendren and Dominic, 2009). 
In addition, the more males exposed to the impregnated female, the greater the Bruce 
effect. The Bruce effect can also be found in other species, such as the domestic horse. 
Also, with the horse, a promiscuous mare can increase the pregnancy block (Bartoš et al., 
2011). Clearly sexual and family behavior is important for the Bruce effect. It is not found 
in all rodent species, such as Syrian hamster. Although it can also be found in some wild 
primates, such as geladas (Roberts et al., 2012), it is not found in the African primates.

In rodents, the VNO is directly involved in the Bruce effect and can be prevented by 
cutting the VNO nerve (Halpern, 1987). The resolution of VNO urinary odor-type differ-
entiation can be of very high and elicit aggression in response to different Y  chromosomes 
of the same species (Monahan et al., 1993). VNOs are found in monkeys, but not great apes 
(Johns, 1986). And in rats, the Bruce effect can be perturbed by administering oxytocin 
(Narver, 2012). It is interesting to note that VNO-mediated mate learning also requires 
memory formation (Ichikawa, 2003). Mate and offspring identities are thus learned via 
VNO olfaction. Although a VNO is present in human fetus, it becomes vestigial (degraded) 
in adult humans (Brennan, 2001). Also, most human VNO receptors (V1R/V2R) are pseu-
dogenes (nonfunctional gene segments) (Keverne, 1999; Kouros-Mehr et al., 2001; Zhang 
and Webb, 2003) and have thus been inactivated by the action or retroposons. One receptor 
gene does appear to have remained intact in humans and is also present in marmosets, a 
basal primate (Giorgi et al., 2000). These changes in olfaction appear linked to acquisition 
of trichromic (color) vision via  the X chromosome in the African primates (Smallwood 
et al., 2002; Zhang and Webb, 2003; Gilad et al., 2004). Given the much more extended 
social groups in the African primates and the decreased dependence on olfaction for their 
social communication, it is interesting to note that the human odor receptor genes were 
made pseudogenes on large scale during recent evolution (Newman and Trask, 2003). Thus, 
overall we see a large-scale genetic invasion or colonization by retroposons of human DNA 
in which the VNO organ and their receptors were incapacitated (e.g., made pseudogenes). 
Yet the great apes (especially humans) underwent a much enhanced capacity for form-
ing cohesive social groups. Also, primates acquired a much enhanced capacity for facial 
and emotional recognition associated with mirror neurons (neurons activated by seeing 
the actions of others), thought to be linked to language development (Parr et  al., 2005; 
Cooper, 2006; Uddin et  al., 2007). How then was this extended primate social capacity 
accomplished?

Clearly, human evolution has led to the emergence of a large social, emotionally per-
ceptive, and empathic brain. This required many coordinated changes that included a 
much enhanced neocortex (outer surface neurons) and increased brain volume as well as 
enhanced visual processing along with a diminished olfactory lobe and odor receptors. The 
maternal brain of mammals undergoes modification and growth during pregnancy that 
also results in enhanced maternal bonding as well as an enhanced ability to understand the 
emotional state of an infant. This maternal process has been proposed to have likely pro-
vided the base mechanism used to expand human social capacity (Pedersen, 2004; Kinsley 
and Amory-Meyer, 2011; Swain, 2011). The dominant changes associated with the altered 
regulation of the human brain appear to have been most mediated via the action of various 
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small snapback RNAs (Mattick and Makunin, 2006; Mehler and Mattick, 2006; Oliver and 
Greene, 2011; Barry and Mattick, 2012) (see Figure 21.5).

Of these, the Alu elements appear to be the most numerous. Since Alu’s are clearly 
related to 7S RNA, which were discovered in and are specifically packaged by retroviruses 
(Giles et al., 2004; Onafuwa-Nuga et al., 2005; Kriegs et al., 2007; Marz et al., 2009), a viral 
role in their human-specific expansion also seems likely.

This idea also appears consistent with recent changes in human sex chromosomes 
(X and Y), which overrepresent both recently acquired HERVs and the youngest and most 
brain-active versions of Alu’s (Jurka, 2004; Jurka et al., 2004). Such prominent viral foot-
prints in our recent evolution require better explanations than those that can be offered by 
serial selection that must operate via individual fittest type. Thus, virolution and its inher-
ent capacity for consortia (QS-C)-based adaptations may provide a better perspective from 
which to understand human evolution.

21.20  PREGNANCY HORMONES: MATERNAL 
BONDING AND ERV NETWORKS

Pregnancy is associated with various significant shifts in hormonal control. One of the 
main pregnancy hormones is prolactin. Prolactin is made both in the brain (all mammals) 
and in reproductive tissue (pregnant endometrium) of human. This hormone plays a direct 
role in inducing maternal brain growth (in the lateral ventricle) associated with mater-
nal behavior (Larsen and Grattan, 2012). As noted, maternal behavior is heavily medi-
ated by olfaction in non-ape mammals (Brennan and Kendrick, 2006; Sanchez-Andrade 
and Kendrick, 2009). Interestingly, in most mammals, retrovirus-derived LTRs are also 
usually involved in prolactin regulation. However, in some species, such as human, a 
 primate-specific MER39 has replaced older LTRs and now controls prolactin expression in 
reproductive tissue, unlike other mammal species (Emera and Wagner, 2012; Emera et al., 
2012; Lynch et al., 2012). Thus, this is a distinct ERV-derived regulatory element not seen 
in tetrapod (e.g., rodents use MER77).

(a) (b)
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FIGURE 21.5 Distinct retroposon RNA expression activity in human reproductive tissue and 
brain tissue. Comparison of aspects of primate phenotype affected by (a) Alu elements and (b) LTR/
ERVs. (Reproduced from Oliver, K.R. and Greene, W.K., Mob. DNA, 2, 8, 2011. With permission.)
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Estrogen is also a major regulatory hormone during pregnancy, and many pregnancy-
related genes are under estrogen control. Thus, it is very interesting that the estrogen recep-
tor has also been used to study the emergence of a regulatory network in the placenta. 
Here too, the LTRs of various ERVs (ERV-L and HERV-K) have contributed directly to the 
formation of this network (Testori et al., 2012).

With respect to social behavior, including maternal behavior, both vasopressin and oxy-
tocin neuropeptides play major roles (Donaldson and Young, 2008). Arginine vasopressin 
(AVPR 1 a/b) receptors appear to be directly involved in social aggression and intruder 
attack (Wacker et al., 2010, 2011). They are also crucial for parental behavior and pair bond-
ing and thus are linked to both associative and aggressive behaviors. The behavior changes 
that would be needed for maternal care to emerge are striking. The female must undergo a 
transition from self-centered to offspring-centered behavior. And it is clear that the mater-
nal brain is altered during pregnancy (Kinsley and Lambert, 2006; Kinsley et  al., 2006; 
Kinsley and Amory-Meyer, 2011). However, in order for adult human males to be similarly 
bonded in more extended family structures (mates, offspring, tribes), it seems obvious that 
male brains cannot be directly altered by pregnancy hormones. Instead, any significant 
male brain alterations would need to occur during development (in utero) as well as after 
birth (via learning). Additionally, bonding mechanisms would need to stem from learned 
social cues, not hormones or odorants affecting placental tissue. Human brain alterations 
thus needed to enhance social bonding by mechanisms that lie outside of the olfactory lobe. 
This is likely linked to the recently expanded human neocortex and changes to language and 
visual systems. There are mammalian rodent models (prairie vole) of extended social bond-
ing that use vasopressin and oxytocin signaling for male bonding. From a virus perspective, 
it is also interesting that the vasopressin receptor is also involved in B-cell (immune cells 
that make antibody) receptor signaling (Hu et al., 2003). This is relevant since it has been 
asserted that altered immune regulation is involved in the regulation of conception and 
embryo implantation (Robertson, 2010). Along these lines, the deletion of the vasopressin 
1b receptor results in a reduced Bruce effect (pregnancy abortion induced by non-male–
male olfaction described as follows) (Stevenson and Caldwell, 2012). This observation is also 
intriguing in the context of needing to include nonmate males into extended social bonds 
since the pregnant females would need to eliminate the Bruce effect to allow nonmate males 
to be members of stable social or family groups. Indeed, the great apes all lack Bruce effects.

Oxytocin is also clearly involved in social memory, including maternal behavior and 
attachment (also via altered ventral septum of the mouse brain). It contributes to the 
recognition of conspecifics (belonging to the same species) and affiliative behavior (Lee 
et al., 2009). Brain oxytocin is used for social recognition in both male and female rats 
(Neumann, 2008). In females, levels are elevated during pregnancy but return to normal 
at postpartum. Oxytocin also interacts with dopamine and serotonin neurotransmitter 
systems. In monogamous prairie voles, oxytocin levels and receptor are regulated dur-
ing pair bonding. Also, male–male aggression can be induced by oxytocin (Young, 2002; 
Hammock and Young, 2006; Smeltzer et al., 2006; Goodson, 2013). Thus, in monoga-
mous rodents, oxytocin is involved in both mate bonding and paternal care. Variation in 
noncoding regions of these receptor genes appears to account for the biological variation. 
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The regulatory differences of the vasopressin receptor between monogamous and polyg-
amous vole species are due to variations in noncoding repeated elements (Wang et al., 
2000; Pitkow et al., 2001; Hammock and Young, 2002, 2005; Hammock et al., 2005). In 
rats, vasopressin and oxytocin receptors are linked by a LINE element (Schmitz et al., 
1991). Although there is strong evidence that oxytocin is also involved in human social 
bonding (maternal and mate), clearly human oxytocin regulatory network would have 
needed to be edited (repurposed) to be used for human social learning.

21.21 SNAPBACK RNA NETWORKS, VIRUS, AND HUMAN BEHAVIOR
Gene regulatory changes are thus thought to be major factors driving mammalian evolu-
tion, with creation of new regulatory regions likely being instrumental in contributing to 
diversity among vertebrates (Baillie et al. 2011). Although the human genome contains over 
one million Alu repeat elements, their distribution is not uniform. These encode snapback 
regulatory RNAs on a massive scale and suggest massive network changes. Their expression 
is quite variable and may make most neurons virtually unique in their RNA expression pro-
files. Additional examples of small human-specific regulatory RNA, such as the gene, called 
miR-941 (a hairpin RNA in first intron of DNAJ, which is not present in chimp genome and 
varies in the human genome), are known. This RNA also appears to have played a crucial 
role in human brain development and could shed light on how we learned to use tools and 
language (Hu et al., 2012). It is expressed in the prefrontal cortex and cerebellum and muta-
tions of this RNA affect language and speech. According to Martin Taylor, who led the 
study of this RNA at the Institute of Genetics and Molecular Medicine at the University of 
Edinburgh, “as a species, humans are wonderfully inventive - we are socially and technolog-
ically evolving all the time. But, according to scientists, this gene emerged fully functional 
out of noncoding genetic material, previously termed ‘junk DNA,’ in a brief interval of evo-
lutionary time.” This junk perspective is an example of reductive (nonnetwork) thinking. 
We must now start to think in terms of societies and networks being altered by virus societ-
ies. If we consider such RNAs to be part of a society (network) of snapback regulatory RNA, 
we might better understand how or why virus might have been involved in such networks.

This chapter has sought to emphasize the ancient, formative, and ongoing role for virus-
derived transmissible small snapback RNAs in human evolution. The previous chapter 
similarly presented the role of small RNA societies in the origin of all domains’ life and 
their viruses. Such RNAs have an inherently social (QS-C) character. This social theme has 
been applied to evaluate the recent changes in human evolution. Indeed, small RNAs (Alu’s, 
HARS) underwent the most significant changes in recent human evolution. And these 
RNAs appear to have major regulatory roles in human brain function. We can now better 
evaluate how viruses were involved in the origins of such RNAs and what their relationship 
to virus might now be. Indeed, the recent sequencing of the Neanderthal and Denisovan 
genomes and comparison to anatomically modern human genome clearly shows differences 
not only in their corresponding ERVs composition (see Figure 21.6), but sexual exchange 
between humans and Neanderthals appears to have involved the core genes of the antiviral 
innate adaptive immune system (Agoni et al., 2012;Mendez et al., 2012; Contreras-Galindo 
et al., 2013) leaving little doubt that virolution applies to recent human evolution.
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GLOSSARY
Consult also glossary from the previous chapter.

ERVs: Endogenous retroviruses. Partial or complete sequences derived from retroviruses 
that have become part of the host genome.

Exapted: An evolutionary theory that proposes that DNA (genes) from other organisms, 
such as parasites, can become part of the host DNA following natural selection.

Genetic Parasites: Genetic agents, such as viruses and TEs, that colonize and use host 
systems for their own maintenance.

Group Identity: The capacity for a group of living and/or genetic agents to recognize 
other members of the same group.

LINES: Long interspersed nuclear elements. Genetic agents, distinct from retroviruses, 
that derive from a type of retrotransposon, able to replicate from RNA via DNA.

LTRs: Long terminal repeats. The characteristic sequences found on both ends of a retro-
virus genome.

Metagenomic: The study of populations of genomes as they occur in particular habitats.

Search queries

LTR LTR

Sequence read

Denisovan retroviruses
HERV-K-De1

HERV-K-De2
HERV-K-De3

HERV-K-De4
HERV-K-De5

HERV-K-De6*
HERV-K-De7
HERV-K-De8
HERV-K-De9

HERV-K-De10
HERV-K-De11

HERV-K-De12

HERV-K-Ne1*
Neanderthal retroviruses

HERV-K-Ne2
HERV-K-Ne3

Sequence read(a)

(b)

HERV-K internal sequence

ACAGGTGTGTAGGGGCAACCCACCCCTACATGTGGGGAAAAGCAAGAGAGATCAGATTGT

FIGURE 21.6 ERVs found in Neanderthals and Denisovans, absent from modern humans. (a) A 
provirus (red) inserted into a host genome (black). LTR sequences used as queries in searches are 
shown above the provirus. Positions of flanking duplications (black boxes) are shown as small black 
boxes adjacent to the LTRs. Sequence reads of virus–host junctions that were sought in the searches 
are shown below the provirus. (b) Individual Denisovan and Neanderthal sequence reads contain-
ing HERV-Ks. Archaic hominin sequences are shown in boxes with red background at the viral 
LTR sequences and black background around the flanking host genome DNA. (Reproduced from 
Lorenzo, A. et al., Curr. Biol., 22, R437, 2012. With permission.)
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Network Membership: The capacity of a network to recognize allowed members from 
nonmembers.

Networks: A system of agents (or elements) that interact in a coherent fashion, usually 
associated with regulation.

Pseudoknots: The ability of a stem-loop-like RNA to fold itself into two distinct and 
dynamic conformations.

Quasispecies: A population of related genetic agents that are derived by variation during 
replication.

Riboswitches: A dynamic RNA fold structure that interacts with a regulator (such as a 
small molecule) to change its conformation and function.

Stem-loop RNA: Small regions of RNA that can fold back on themselves to form base pairs.
Synbiogenic: The generation of genetic novelty via the stable interaction with a symbiotic 

organism.
tRNA: Transfer RNA, the small clover leaf–shaped RNA that binds to the ribosome and is 

responsible for providing the correct amino acid in the triplet genetic code.
UTR: Untranslated region. Sequences of DNA that are regulatory and do not code for 

protein synthesis.
Virolution: A term coined by Frank Ryan to describe host evolution mediated by the 

action (selection, protection, integration) of viruses.
Virosphere: The extended virus composition of a biological habitat.

REVIEW QUESTIONS
 1.  Can the number of genes explain the fact that humans have larger and more social 

brains than simpler animals?

 2.  Viruses have promoted the formation of new human identity networks and the emer-
gence of complex group social behavior. Explain why networks do not operate by non-
linear processes.

 3.  Provide examples how genetic regulatory networks underlying maternal care in pla-
cental mammals were repurposed by RNA genetic colonization.

 4.  Give examples how QS-C (quasispecies consortia) mediated virolution can provide a 
mechanistic foundation for group identity and group survival.

 5. What is the ENCODE project? Did it support or not the concept of junk DNA?

 6. How do ERVs contribute to the development of early mammalian embryos?

 7. How do ERVs contribute to the origin and development of the placenta?

 8. What are Alu RNAs and where are they expressed?

 9.  How might human social bonds be mediated if they do not use odor-based signals 
(pheromones)?

10. What is an addiction module and how can it mediate social bonds?
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